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SECTION I

I14TRODUCTION

1.1 Background

For many years, gas bearings have been a natural candidate

for high-speed turbomachinery design because of the convenience

and simplicity of using the process fluid, plant air, or ambient

atmosphere as the lubricant. Consequently, a system concept that

can capitalize on the advantages of a gas bearing has been the

object of intensive research throughout the world.

Air bearings constitute one type of the more general class

of process fluid film-lubricated bearings. The process fluid is

the fluid most readily available as the lubricant. There are two

general types of such fluid-film bearings in use today: the self-

acting (hydrodynamic) type, and externally pressurized (hydro-

static) type. The self-acting bearing derives its load-carrying

capacity from the pressure generated in the fluid film by the rel-
ative motion of two converging surfaces. The externally pressur-

ized bearing relies on an external pressure as its source of load

capacity. The type of bearing used in any particular application

depends on the detailed requirements of the application. The

self-acting bearing has the advantage of being independent of an
external pressure source whereas the externally pressurized bear-
ing has the advantage of increased load capacity, if sufficient

pressure is available. The two concepts are shown in Figure 1.

Gas-lubricated foil bearings show potential for providing

the advantages of simplicity, reduced maintenance, added reli-

V4 ability, reduced vulnerability, high-temperature operation, re-

duced weight, and cost savings to an advanced engine system.

S• 1
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Figure 1. The Gas Bearing Concept.
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1.1l.1 Advantages

(a) Simplicity - Simplicity of gas-lubricated bearings is

effected by the absence of a complicated delivery and

scavenge oil network, especially critical at the hot

end bearing, where oil crosses the engine exhaust path

upon entering and leaving the bearing cavity. In this

area, extensive development is sometimes necessary to

prevent high oil temperature during soakback, which

often reduces engine reliability and time-between-

overhaul.

(b) Reduced Maintenance and Added Reliability - Foil
I bearing endurance capability has been proven by foil

bearing-equipped cooling turbines used in the DC-10
N•° environmental control system (ECS). Reliability also

is being demonstrated in several military aircraft

ECSs.

Foil bearings can achieve a longer life because there

is no contact between bearing and shaft during normal

operation. Wear-resistant coatings provide adequate

wear protection for contact during starts and stops.

Eliminating the need for a viscous bearing lubricant
reduces the load on the lubrication pump and enhances

cold weather starting capability.

(c) Reduced Vulnerability - Since the foil bearings do
• • not require external engine hardware, such as oil

Si ~lines and an oil heat exchanger, engine vulnerability

•° i is reduced.

(d) High-Temperature Operation - Advancements in foil

coating temperature tolerance were achieved during

this program. Because air viscosity increases with

3
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temperature, a hotter-running bearing provides A
higher load capacity, thus making high temperature

operation desirable.

(e) Reduced Weight - A weight saving is effected by the

reduction in oil capacity required by a system in-
corporating foil bearings, assuming that an engine

gearbox is still required. The reduced oil capacity,

in turn, would reduce capacity requirements for the

oil heat exchanger and the oil pump. Eliminating
oil delivery and scavenge networks results in a less

complex, more uniform, and lighter weight assembiy.

The weight saving, however, is compromised by the

requirement for larger diameter journal bearings and
the addition of a thrust runner on the rotor for the 3

j •thrust bearing.

(f) Cost Saving - The inherent simplicity of the foil
bearing lends itself to rapid and easy fabrication.

After an initial investment in tooling, foils can

be stamped or rolled out at low cost. The greatest

cost saving is realized by elimination of the oil

network.

1.1.2 Related Programs

The gas-lubricated foil bearings utilized for this program
are of a design patented by The Garrett Corporation. The bearings

were initially developed for experimental use in cooling turbines
of the Boeing 727 air conditioning system. General design of
these bearings is depicted in Figure 2.

Observing this successful application to the cooling turbines
and recognizing the advantages foil bearings offer to advanced

E4
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military engines, the U.S. Air Force sponsored a feasibility

study of the application of gas-lubricated, compliant foil bear-

ings to gas turbine engines. This initial program was completed

and is described in Technical Report AFAPL-TR-72-41, dated June

1972.

During a follow-on program, a foil bearing demonstrator was
designed and fabricated from an AiResearch Model JFS100-13A Jet
Fuel Starter gas generator, which is used on the Air Force A7D

light-attack aircraft. Modifications to the original production

equipment included replacing the rolling element bearings with I
compliant foil gas bearings and replacing the power turbine module

with an exhaust thrust nozzle. The resultant engine is a 95- 'j
K ipound static thrust turbojet engine, mounted on compliant foil-gas

bearings totally free of oil and external air supply and operating

at 72,000 rpm. The demonstrator was operated continuously for
five hours and underwent 135 start/stop cycles. This activity

was reported in Technical Report AFAPL-TR-73-56 dated June 1973.

SOther foil bearing application and demonstration vehicles are
shown in Figure 3 and tabulated in Table 1.

1.2 Program Objectives

The program objective was to extend and demonstrate the

state-of-the-art of gas lubricated compliant surface bearings

to 1000 to 3000 pound thrust class full scale turbomachine re-
quirements and constraints.

1.3 Program Approach

The program approach was as follows:

(a) Establish the loads imposed on the journal and

thrust bearings by the selected turbomachine

rotor. -

6
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(b) Apply existing and/or develop the analytical design

tools required for bearing development and for the
proper application of these bearings to the 1000- to

3000-pound thrust turbomachine.

(c) Design, fabricate and develop a thrust bearing and a
journal bearing test rig for baseline bearing testing
and development to meet the selected turbomachine re-

quirements, while subjected to the maneuvers of
MIL-E-5007C.

S(d) Conduct a base material and coating selection andt evaluation program to select materials that will

meet temperature requirements of the thermal anal-

ysis. Candidate materials are to be evaluated in

a high temperature wear test rig to determine fab-

rication suitability, wear and friction factor.

(e) Conduct a bearing development program with the sup-
port of analytical tools. Development activitieL

goal was to achieve the load capacity, high tempera-
ture operation, and other turbomachine application

requirements.

4•
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SECTION Ii

SUMMARY

The program consisted of the following three major divisions
of effort, each dependent on the others to achieve program goals:

o Analytical

o Materials Development

o Bearing Development and Testing

Accomplishments within these areas are summarized in the

following paragraphs.

2.1 Analytical

; •The elasto-hydrodynamic thrust and journal foil bearing com-

puter analytical programs developed during this program are a 4,
major first step in developing full analytical capability to pre-
dict foil bearing performance. These analytical tools permit

evaluating foil bearing performance for A complete range of bear-
ing parameters (foil thickness, number of foils, journal free
form radius, foil overlap, etc.) The foil thrust bearing solution a

already has been demonstrated as a powerful design aid in assess-
ing the baseline design load capacity as well as providing proper
direction to increase load capacity. This has been established

with excellent experimental correlation from the baseline config-
uration thrust bearing test, and the increased load capacity
achieved by proper control of foil rigidity as analytically pre-
dicted. The journal bearing computer simulation has permitted

evaluation of foil elasticity effects such as static stiffness A

and foil preload, which has proven to be a major factor in control
of journal rig shaft dynamics and stability. Excellent correla-

tion was achieved for the elasticity routine, which includes the

nonlinear effects characterized by foil and boundary interactions.

10
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Thus, a major obstacle has been overcome by predicting the

nonlinear elasticity effects of foil journal bearings. The

full elasto-hydrodynamic journal bearing computer solution

has been executing at low eccentricities. However these low

eccentricity Values are characteristic of test results.

Measured eccentricity values of 0.002 to 0.005 inches were
obtained from the twelve-segment bearing (Figure 115).

Further development and program improvement is required

for the journal bearing program to be completely opera-

tional. It is expected that when operational, this design

tool will be recognized as a major advancement in predic-

ting foil bearing performance.

A maneuver load analysis was conducted on the TJE331-1029
engine to determine foil bearing load capacity requirements im-

posed by MIL-E-5007C maneuvers. Highest load capacity requirement

for the journal bearings is 16 psi, due to a 3.5 radian/sec yaw

rate maneuver, -combined with a 1 g vertical load. Highest load

capacity requirement for the thrust bearing is 37 psi, due to a

combination of simultaneous maneuvers which include 10 g forward

thrust, 2 g side load, +14 rad/sec2 pitch acceleration, +6 rad/
sec2 yaw acceleration, and 200 lb forvard aerodynamic thrust.

J The front and rear bearing journals were designed to minimize

the distortion band to 0.0006 inch from a true cylindrical shape.
Even though centrifugal growth reduces the clearance space between

the journal and foil bearing, the true cylindrical shape of the
journal is maintained. Both journals are made from Inconel 718

to allow potential bearing operating temperatures in excess of

10000 F. Structural reliability is very good because stresses in

the journals are relatively low.

Z_ The thrust runner was designed to maintain the bearing sur-

face flat within a 0.0006 inc-h band. Unlike the journals centri-

fugal effects will not cause distortion in the bearing runners.



Additional distortion may occur due to temperature differences on

the runner surfaces. The thrust runner is also Inconel 718 to

allow for high temperature operation. Stresses in -the thrust

runner are relatively low.

A rotor dynamics analysis has indicated the first 3 critical

speeds occur at 4000 rpm, 8000 rpm, and 52,000 rpm, respectively,

for foil bearing spring rates of 10,000 lb/in. The two lower

criticals are rigid body modes that increase with increasing

bearing spring rates but the third mode remains insensitive to

• Ibearing spring rates. However, even at spring rates of 75,000

lb/in, a large operating window exists between the second and

third criticals.

A thermal analysis was performed on both the thrust and

journal foil bearings. An existing thermal analysis program was

used, which had the capability of analyzing the foil bearing with

the variable characteristics of sway space, number of foils, power

loss within the bearing, cooling airflows, and material character-

istics. After devising a cooling airflow schematic and modeling

the bearing characteristics the bearing element temperatures were

determined.

Results of the analysis clearly showed trends in journal

bearing operating temperatures as a result of changing any vari-

able. Increasing operating altitude conditions resulted in higher

indicated bearing temperature. The analysis at 50,000 ft alti-

tude shows bearing temperatures that are too high, but until act-

ual foil temperatures are measured to substantiate the analysis,

the figures should be used only to indicate operating temperature

trends. The analysis done at 25,000 ft altitude indicates a safe

operating condition for the journal foil bearing.

The thrust bearing thermal analysis indicates higher opera-

ting temperatures than the journal bearing, mainly because of

reduced pressure drop across the bearing available for effective

12



cooling. A sea level operating condition indicates a thrust

runner operating temperature of 1000'F under a 370 ibs thrust

load. Since this analysis was completed, the rotor aerodynamic

thrust load has been reduced to 200 lbs by thrust piston designr

techniques within the engine.

2.2 Materials Development

Lubricative and wear resistant coatings for foil bearings

are required during the low speed range prior to hydrodynamic

separation of the foil and shaft. Therefore, the objective of

materials development activities was to establish appropriate A

bearing surface coatings that were capable of performing at

12000 F in air. In addition to coatings, it was necessary to

specify alloys for substrates (rotating shafts and bearing foils)

that were compatible with coatings and capable of extended ser-

vice at temperatures to 1200 0 F. Specific material development

goals were as follows:
k

(a) Identify and evaluate candidate foil coating A

materials for temperature capability to 1200 0 F.

(b) Evaluate foil alloys that show promise of minimum

loss in strength and elastic modulus from room

temperature through the maximum operating temper-

ature (12000F) .

(c) Select appropriate coatings and alloys with the

best combination of properties for operation in
bearing test rigs.

(d) Demonstrate survivability under simulated engine

operating conditions.

13



These goals were accomplished in a two-phase effort; the

first, a materials screening activity to select candidate alloys

and coatings, and the second involving wear rig evaluations of

the candidate materials. Upon completion of these activities,

the best alloys and coatings were identified and appropriate ma-

terials selected for use in the full scale thrust and journal

bearing rigs.

Materials screening was performed by subjecting candidate

alloys and coatings to a variety of metallurgical examinations to

establish strength properties, long term oxidation resistance,
coating ductibility, surface finish capability and coating bond

quality. Inconel 718 was selected as the shaft alloy and Inconel

X-750 as the foil alloy for wear rig evaluations. Sixteen coat-
ings were chosen for further evaluation in wear rig tests.

SA materials wear test rig was used to evaluate coatings for

friction and wear behavior over the temperature range 70* - 1000°F

(sliding friction would account for an additional temperature riseI• to near the 1200OF objectivel. Coated shafts and foils were sub-

jected to low speed (157 rpm, constant bearing contact) and high

speed (>11,000 rpm, foil lift-off attained) shaft rotating tests
at several temperatures (room to 1200 0 F). Drag torque measure-

ments indicated relative friction behavior between coatings, and
visual and microscopic evaluations defined relative wear char-

•I' acteristics.

Based on these evaluations and materials screening data the

following materials (in order of preference) were established for

high temperature foil bearing components:

Shaft Alloys Foil Alloys

o Inconel 718 o Inconel X-750

o Haynes 25 o Inconel 718

o Inconel X-750 o Haynes 25

o 446 Stainless Steel

14
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Shaft or Foil Coatings

0 B4 C

o TiB

o Cr 2 0 3

o TiC

O Kaman DES or SCA (Cr 2 03 compositions)

o NiCo (Nickel-Cobalt)

0 Tribaloy-400

The above coatings were determined to be the best, but not

all were practical for bearing fabrication due to lack of manu-

facturing reliability or experience. Therefore, the following

coatings were selected for use in foil bearing rigs:

Shaft or Runner

Kaman SCA

Tribaloy-400 (oxidized)

Haynes 25 (oxidized)

NiCo (oxidized)

Foil Coatings

Kaman DES

NiCo

Results of materials development work also indicated the

following:

(a) Conventional bonded carbide coatings did not perform =

adequately in oxidation resistance or frictional

characteristics.

(b) High cobalt-containing materials (Haynes 25, Tribaloy-

400 and NiCo) performed well, generally when surface

oxide layers were present (pre-heat treated to form

oxide or used at temperatures above 800°F).

15t



(c) The use of a gold overplate on several coatings pro-

vided only moderate decreases in friction and was

not necessarily helpful on rotating parts (dependent

upon the substrate coating).

(d) The baseline Teflon-S coating displayed a friction

coefficient near the middle of coatings evaluated,

indicating most of the coatings evaluated in the

program were capable of matching Teflon performance

in this respect over a wide temperature range

A ,(70-1200 0 F). None of the program coatings were,

however, able to approach the durability and wear

resistance of the Teflon at room temperature.

(e) Data suggest placement of the metallic or softer

coatings on rotating components and hard coatings

on stationary components.

Future improvements in application processes, thickness,
ease of repair, and reliability will encourage the use of other

promising coatings such as B4 C, TiB2 , Cr2 03 , TiC, Si 3 N4 and

(Ba,Ca)F 2 compositions.

Most of the above coatings are acceptable for 1200*F, or

higher, operation and all are capable of at least 1000OF oper-

ation for extended periods. The possibilities for singular or

multiple combinations of these coatings is extremely encouraging

for low friction and wear applications both at room and elevated

temperatures.

2.3 Bearing Development and Testing

Design and fabrication of baseline bearings and suitable

test rigs was required as a preliminary to bearing development.

Baseline thrust and journal bearing designs were based on the

16



successful DC-10 environmental control system (ECS) cooling tur-
bine foil bearings. The bearings were scaled to the required

size and then adjusted by known empirical parameters and exper-

ience judgements.

Separate thrust and journal bearing development test rigs
were designed and fabricated for full size bearing development.
The rigs were designed to perform all test conditions required
by the test plan.

The thrust bearing baseline design was tested to a capacity
limit of 15 psi, which is 25 percent higher than estimated. Bear-
ing capacity improvement followed the dual spring concept, which
evolved from the elasto-hydrodynamic analysis. Although fabri-
cation and testing this concept failed to prove its validity, the
elasticity requirement of the analysis was attained, using par-
tial pad stiffeners. Thrust bearing capacity was increased to
27.5 psi at a steady-state condition. Since these high bearing

capacities are only required for short term transient maneuvers,
the bearing was tested by incrementally increasing the load for
short durations. This technique permitted2 the bearing to carry

33.8 psi before failure, which is 91 percent of the 37.2 psi
goal. Cause of failure at this limit was not found to be a bear-
ing capacity limit but a yielding of the pad spring. Stress cal-

culations of the spring indicated possible yielding at this load
level. Design, fabrication, and testing of a spring to solve the
problem earlier in the program resulted in other problems with
the spring. Further effort is required in this area before 100
percent of the goal can be achieved.

Journal bearing development on the test rig presented a
problem that initially was not understood. Test rig operation
could not exceed 80 percent of design speed without bearing fail- 2
ure, regardless of the bearing configuration installed in the

test rig. xtensive instrumentation of the rig revealed that

17 O



the test shaft was bending up to 0.012 inch. The first bending

critical speed of the shaft was calculated to be 43,999 rpm, but

severe bending was experienced at 25i000 rpm. Shortening the

shaft 6 inches increased the bending critical speed sufficiently

to permit operation to 34,000 rpm with a minimum of shaft bend-

ing. All testing to this point indicated that the 12-segment

journal foil was the most stable operating bearing, therefore

the most development time was spent on that configuration. The

highest demonstrated load capacity was 6.5 psi at 33,000 rpm,

while a modification to that bearing developed an extrapolated

(for speed correction) load capacity of 7.1 psi. A further

extrapolation for operation at engine operating pressure shows a

capacity of 8.6 psi, which is only 50 percent of goal. However,

since load capacity can be increased with fewer bearing segments,

a ten-segment bearing was designed and fabricated to get closer

to the load capacity goal. This configuration also was fabrica-

ted of materials and coatings for the high temperature test. As

tested, this configuration appeared very sensitive to the back-

ward precession mode of shaft whirl and the operational speed

had to be limited to 22,000 rpm. In spite of this limitation the

bearing was subjected to operation at engine operating cooling

air temperatures up to 500'F. Also, 50 starts and stops were

successfully accomplished, for the purpose of evaluating the

selected coating in a high temperature environment. The test

showed the high temperature coating could meet program require-

ments but had a peculiar characteristic of varying break-away

torque, which should be investigated in future programs. The

iKaman DES foil coating (Cr 2 03 ) and the Tribaloy-400 (Cobalt base

wear alloy) are compatible coatings acceptable for journal bear-

ing operation to 1200*F.
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SECTION III

A DISCUSSION

3.1 Engine Characteristics

The ETJ341-Pl engine was selected as the vehicle for the
Sapplication of foil bearings. Specific advantages achieved by

selecting this turbomachine are as follows:

(a) The selected configuration is a high technology

turbomachine, representative of that required for

future remotely piloted vehicle (RPV) applications.

Also, the final demonstration of the bearing system

in the turbomachine would provide a firm basis fori5
a near-term flight test of the same machine in sev-

eral potential flight test vehicles.

(b) The selected turbomachine has an excellent opera-

tional and production potential. Factors that sup-

port this are:

So The selected turbomachine is of an advanced
g technology design. Low-cost engine design

studies, performed by AiResearch under con-

tract to the Air Force, showed that turbo-

machinery design configurations similar to

that proposed for use in this program, will

be required for future applications, i.e.,

all-axial aerodynamic components.

0 The turbine inlet temperatures are represen-

tative of the state of the art (17000 to A

1900 0 F) for this type of application.

1Six, L.D., F.W. Lewis, and C.S. Stone, Low Cost, Limited Life
Turbine Engine Analysis, AFAPL-TR-71-102, January 19, 1972
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0 Although the technology level of this engine is i
high, relative program and production costs are
low.

(c) The selected turbomachine has a low rotor weight andI !inertia (I ), with a relatively long bearing span,
p

which results in moderate maneuver bearing loads.

(d) The selected turbomachine has simple structural

design, which allows easy removal of bearings for
inspection or replacement and provides access to

bearing instrumentation
4 4

(e) The rotating group provides flexibility with regard

to bearing placement, i.e., inboard or outboard of
the aerodynamic components.

(f) The potential of variable bearing span allows for
minimizing misalignment and deleterious thermal

conditions.

(g) The rotor weight, unbalanced rotor forces, and g
loadings permit minimizing load per unit area

requirements.

(h) The bearing size permits accurate measurement of
all bearing performance criteria as related to

configuration, materials, details of geometry,

environment and control thereof, as a function I
of test condition.

(i) The high temperature imposed on the hot end of
the rotating group allows for a step-by-step exam-

ination of the many effects of high temperature,

including bearing performance, materials, life,

thermal gradients, and soakback during shutdown.

20
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3.1.1 Power Section

V•. To adapt the ETJ341-P1 for use as the foil bearing demon-

strator required modification of the rotor assembly interface
and tie-bOlt arrangement to minimize bearing surface distortion.
This distortion can result from centrifugal loading, tie-bolt

clamping force, and temperature gradients. As a result, the
c Ifollowing features were incorporated, as shown in Drawing

L3621113.

0o The rotor clamping load path does not include the

bearing journals.

o Center supported journals.

o Journals supported with thermally compliant tubular

shaft member.

o Tapered drum journal design to provide uniform centri-

fugal growth.

o Curvic couplings to ensure excellent concentricity
and normality of all rotating elements, especially

the bearing surfaces.

While accomplishing these modifications, it was possible to
retain, unchanged, the outer shell of the engine, compressor and

turbine aerodynamic blading, combusto-, and inner and outer tail-

cones. The last three compressor disks were unchanged, and the
turbine wheel was machined from the same casting as the ETJ341-Pl.

The first two compressor disks were modified to adapt to the new
tie-bolt/bearing system.

The modified engine was reidentified as the TJE331-1029.

21



3.1.2 Performance

ri• To make the life of the ETJ34l-Pl baseline turbomachine

more compatible with overall program goals, the rated thrust
was reduced from 800 lb to 700 lb. This change extended engine

life from 0.7 hours to more than 50 hours.

A complete cycle analysis on the TJE331-1029 was performed

for various altitudes, vehicle air speeds, and standard day vari-
ations. The analysis resulted in a listing of the air pressures

. Iand temperatures of each bearing inlet and the pressure of the
cavity into which the cooling air is dumped. The added tempera-
ture rise of the cooling air as a result of the bearing power

loss was then calculated, arriving at the conditions listed in

Tables 2 and 3. The conditions of bearing cooling air were then

used as a basis for the thermal analysis reported in Paragraph
i•_ 3.1.8.

4'4

3.1.3 Maneuver Load Analysis

The MIL-E-5007C Specification flight maneuver load diagrams
are shown in Figure 4. Bearing loads were calculated for maneu-
vers defined by each corner of the diagram and labeled for easy

reference to Table 4. Table 4 lists the average bearing load

capacity required of the bearing by the maneuver condition. Only
the ten most highly loaded conditions are reported.

In addition to the diagrams, MIL-E-5007C indicates the rotor

bearings must be capable of carrying a 3.5 rad/sec yaw rate com-

bined with a 1 (g) vertical load. This is the highest maneuver
load condition imposed on the journal bearings. The journal bear-

ings must generate an average load capacity of 16 psi to survive

this maneuver. The most severe load condition for the thrust bear-
ing is case number 35, Figure 4, which may occur from an arrested

landing. These specified maneuvers and an additional 200 lb aero-

dynamic thrust require a thrust bearing load capacity of 37 psi.

22
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TABLE 4
REQUIRED UNIT LOAD CAPACITY AND CALCULATED DEFLECTIONS OF FOIL

BEARINGS WHEN SUBJECTED TO MIL-E-5007C CASE
LOADS FROM FIGURE 4.

Compressor Journal Turbine Journal
Bearing Bearing Thrust Bearing

Case Load Deflection Deflection Deflection Peak
From X-Fordard Unit X-Forward Unit X-Forward Unit

MIL-E-5007C Y-Side Loading Y-Side Loading Y-Side Loading
Figure 4 Z-Down psi Z-Down psi Z-Down psi

3.5 rad/ 0.006 0.006 0.006
sec and 0.000 16.37 0.000 14.48 0.000 29.281-g down 0.011 -0.010 -0.005

0.002 0.002 0.002
11 -0.007 6.22 0.010 13.72 0.006 18.43

0.001 0.001 0.001

0.002 0.002 0.002
12 -0.007 7.34 0.009 15.54 0.006 17.28

0.004 0.005 0.005

0.007 0.007 0.007
14 0.001 6.59 0.001 12.32 0.001 16.93

0.008 -0.010 0.009

0.007 0.007 0.007
15 -0.007 7.34 0.009 15.54 0.006 29.87

0.004 0.005 0.005
0.009 0.009 0.009

116 -0.007 6.22 0.010 13.72 0.006 36.05
0.001 0.001 0.001

0.009 0.009 0.009
17 -0.007 6.22 0.010 13.72 0.006 36.05

-0.001 -0.001 -0.001

0.004 0.004 0.004
33 0.002 6.65 0.002 12.43 0.002 6.900.008 0.010 0.009

0.007 0.007 0.007
34 0.002 6.65 0.002 12.43 0.002 16.96

0.008 0.010 0.009

0.011 0.011 0.011
35 0.002 2.40 0.003 4.36 0.003 37.19

0.003 0.005 0.005

0.011 0.011 0.011
36 0.002 1.49 C.004 2.70 0.003 36.57

-0.001 -0.002 -0.002
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It is apparent that the maneuver loads imposed on the thrust

and journal bearings are of a transient, not steady-state, nature.
This parameter is important to realistic bearing design and
development because the short term load capacity of foil (or

other) bearings is greater than the long term capacity.

iI 3.1.4 Thrust Bearing Runner Stress Analysis

The thrust bearing runner was analyzed to investigate dis-

tortion and stress resulting from loads imposed by MIL-E-5007C

maneuvers. The most severe load specified for the thrust bearing

(case 35 in Figure 4) results from a combination of maneuvers
listed for case 35 and 200 lb forward aerodynamic thrust on the

rotor.

Inconel 718 was the material selected for the runner because

its high temperature capability would allow potential bearing temn-

peratures beyond 1000 0 F.

Results of the thrust runnec displacement analysis, when sub-

jected to maximum axial bearing loads and centrifugal effects at

33,000 rpm, are shown in Figure 5. Total maximum axial distor-

tion (excluding axial displacement) is 0.00052 inch. This distor-

tion must be compensated by the bearings compliancy to maintain
full load capacity when it is most needed. The equivalent stress

distribution also is presented in Figure 5. Equivalent stress is

calculated using distortion energy theory of failure. Stresses
are sufficiently low in the bore to allow an excess of 106 starts

at 1000 0F. Stresses in the runner just under the pressure equal-

ization holes, reach 60 ksi. At 1000OF 0.1% creep life is calcul-

ated to be greater than 2 X 105 hrs. With these large safety
factors on life from a fatigue and creep consideration, no prob-

lems are anticipated with the structural integrity of the thrust
runner.
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Figure 5. Thrust Runner Axial Displacement
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3.1.5 Rear Journal BeariTg Runner

A stress and deflection analysis was conducted on the rear

bearing journal of the TJE331-1029. Deflections were calculated

for an axial tie-bolt load in combination with centrifugal ef-

4 fects. No temperature effects were included in the analysis, as

this analysis was performed concurrently with the thermal anal-

ysis. A review of the thermal condition indicated no further

analysis was necessary as thermal gradients were not expected to

contribute to significant distortion of the journals.

The calculated distortion of the bearing journal is shown

in Figure 6. The two cases shcwn include (1) centrifugal effects

alone, and (2) centrifugal effects in combination with the tie-

bolt load. Since the tie-bolt load is taken through the journal,

a wave-like distortion results, as shown. The radial displace-

ment at the center of the runner is reduced because of the attach-

ment of the tie-bolt bumper. This bumper has a cylindrical sec-

tion to minimize the effect of restraining radial deflection,

and hence reduce distortion of the journal surface. The remaining

two "dips" in the surface displacement result from journal attach-

ment to the rotor, again reducing radial displacement at these

locations. The two hoops at the ends of the journal inhibit end

displacement and maintain total distortion of the journal surface

within a 0.0006 inch band. Average radial displacement is ap-

proximately 3 mils.

Figure 7 shows magnified displacement characteristics and

an isopleth of tangential stresses for the rear bearing journal

at 33,000 rpm and 25,000 lb tie-bolt load. The analysis was con-

ducted for a uniform 70°F temperature.

Peak tangential stresses in the journal hub at the turbine

end reach 120 ksi in compression. This stress is highly local-

ized and does not undergo extensive cycle duty since it is caused

29
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primarily by the tie-bolt load. Axial and radial stresses were

low relative to the tangential stresses. Hence the equivalent

stresses closely follow tangential stresses.

Since peak stresses are substantially below the 148,000 psi

yield strength of Inconel 718 at 10000 F, no problems are antici-

pated with operation of the rear bearing journal.

3.1.6 Forward Journal Bearing Runner Stress and Deflection

Analysis

An analysis similar to the one conducted on the rear bearing

journal was conducted on the forward journal. The journal was

designed to be as free as possible from influence from the rotor.

This is accomplished by the long thin cylinder that attaches the

journal to the main rotor and isolates the journal from thermal

and centrifugal deflections that may occur in the rotor. With

this isolation, the journal can rotate like a free body, unaf-

fected by rotor behavior.

The calculated displacement of the journal surface, which

contacts the foils of the air bearing, is shown in Figure 8.
This displacement, which amounts to about 3 mils radially, re-
sults from centrifugal effects. Effects due to a temperature

profile are not included. The decreased displacement at the

center is a result of attachment between the journal and rotor.

The ring required for attachment inhibits radial growth. Centri-

Sfugal effects tend to cause the ends of the journal to flower but

small hoops at the ends of the journal restrain radial deflection

and force the journal surface to remain within an 0.0006 inch dis-

tortion band. Unlike the rear journal, the forward journal does

not carry the tie-bolt load.

Figure 9 shows a magnified displacement curve and the tan-

4 gential stress distribution for the journal. Both radial and

axial stresses were presented. As with the rear journal bearing,
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equivalent stresses closely follow tangential stresses. To ac-

commodate potentially high temperature operation for this bearing,

Inconel 718 was also chosen as the runner material. Stresses are
low in relation to the strength of Inconel 718 and no problems
with journal ztructural integrity are Anticipated with this

design.

3.1.7 Critical Speed Analysis

A rotor dynamics analysis was conducted for the foil bearing
engine. The analysis was conducted using engine rotor properties

listed in Table 5.

Critical speed characteristics of the engine are shown in
Figure 10. In an effort to cover a wide range of foil bearing
designs, critical speeds are shown as a function of spring rate.

A large operating window between the rigid body criticals and the
bending critical indicates the engine can be operated success-
fully regardless of the bearing spring rates. Results of bearing

tests indicate journal bearing spring rates near 10,000 lb/in.
110 Hence the first three critical speeds are anticipated to be at

4000, 8000, and 52,000 rpm respectively.

Figure 11 shows normal mode shapes of the first four critical
speeds for journal bearing spring rates of 75,000 lb/in. Little

difference in mode shapes are anticipated with spring rate reduc-
tions to 10,000 lb/in. The first two critical speeds are rigidi body modes with little main rotor bending. The third plot shows

tie-bolt excursion and slight bending of the main rotor. The

major bending critical is the fourth plot which shows major main
rotor bending but retains the high tie-bolt excursions. The tie-

bolt excitation could be stopped with the addition of an extra

tie-bolt bumper. However, the excitation occurs sufficiently
beyond operating speeds that the design is considered safe.
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TABLE5

TJE331-1029 ROTOR/BEARING CHARACTERISTICS

Rotor Material Inconel 718

Rotor Weight 50.5 LB

!¼ Polar Moment of Inertia 0.776 IN.-LB-SEC2

Thrust Bearing Outer 6.15 IN.
Diameter

Thrust Bearing Inner 3.50 IN.
Diameter

2
Thrust Bearing Projected 20.09 IN.
Area

Journal Bearing Diameter 4.5 IN.

Journal Bearing Length 6.0 IN.

Journal Bearing Projected 27.0 IN. 2

Area

Journal Bearing Span 21.0 IN.
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3.1.8 Thermal Analysis

Bearing cooling is important in gas-lubricated foil bearings

to keep the foil base metal and coating from exceeding its oper-

ating temperature limit because of self-generated heat (power

loss). The cooling scheme utilized in this program passes com-

pressor discharge air directly over the foils by imposing a pres-

sure difference across the bearing. In general, cooling air flow

is controlled by orifices and seals in the overall cooling circuit

so that internal details of the bearing design are somewhat in-

dependent of cooling requirements.

Detailed heat transfer analysis was performed on both thrust

and journal bearings. Steady-state temperature solutions are
reported herein for the two bearings in baseline configurations.

Analytical models of each bearing were constructed and solved

using the general thermal analyzer code developed at AiResearch

over the years. The code uses a finite difference model and a

solution technique of relaxation over multiple iterations. It

is capable of three-dimensional conduction, convection, and radi-

• ation as well as internal heat sources and cooling flow circuitry.

It was found early in the modeling of the bearings that the

amount of thermal data (number of nodes) required for three-

dimensional conduction in the foils made it difficult to accommo-

date bearing design changes. Therefore, auxiliary codes were

written to generate thermal model input data automatically for

the particular types of bearings involved. With these additional

tools, it is relatively easy to specify various geometry, opera-

ting conditions, and material and fluid properties. Design

changes are made by specifying recognizable geometric parameters

such as foil thickness, number of foils, sway space, etc. instead

of an entire system of conduction lengths and areas as used by

the thermal analyzer code. Specific descriptions of the two foil

bearing thermal models are given in Paragraphs 3.1.8.1 and

3.1.8.2.
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The operating condition used as a reference point in the

thermal analysis is "Hot day, Sea level, Mach 0.8". This is one

of five engine operating conditions analyzed. Having defined the

pressures and temperatures at points of communication with the

interior (bearing cavities, rotor cavities, etc.), a complete

flow circuit model of the internal flow system was set up. By -t

a trial and error process, the internal flow system was designed

so that the bearings are adequately pressurized on both inlet

and discharge sides, while permitting adequate cooling flow to

each, based on expected power loss and cooling effectiveness

values. This process determined internal orifice sizes and seal A

locations. Since labyrinth seal clearances are never exactly

known, results were obtained for both minimum and maximum ex-

pected running clearances. The results are tabulated in Table 2

for minimum seal clearances (0.0003 in. radial) and in Table 3

for maximum clearances (0.009 in. radial). A scheme for reducing

rotor thrust was also worked into the design by .7essurizing the

cavity forward of the front journal bearing.

The final internal flow circuit is shown schematically in

Figure 12. Compressor discharge air is supplied to all three

bearings from a common collection point on the outer wall of the S

final diffuser. An external line carries air to the forward end

of the front journal bearing via one of the bearing carrier struts.
4•

The aft end is pressurized by means of a 4-stage stepped labyrinth

seal and a pressure controlling orifice which carries spent cool-
ing air to the rotor interior. The forward end of the aft jour-

nal bearing is pressured as shown, with the aft end pressurized by

the spent air passing through a labyrinth seal. In each case,

the cooling flow is controlled by the sum of flow resistance of

the bearing and the downstream orifice or seal. In the case of

the thrust bearing, cooling air is metered at the inlet since in-

ternal flow resistance is negligible. The inlet is at the OD

where metered air is impinged on the rim of the thrust runner,

"from where it flows inward behind the foil plates on both sides.

Spent air is again metered through the curvic coupling V-seals
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since the thrust bearing pressure is established by communication
with the static pressure upstream of the final diffuser. Spent
air froin all three bearings is ultimately discharged to the tur-
bine rotor cavity from where it re-enters the main flow path up-

stream of the turbine rotor.

3.1.8.1 Journal Bearing Temperatures

The generalized journal bearing thermal schematic is shown
in Figure 13. It is applicable to any pinned-leaf type journal
bearing. Labeled dimensions are those used as input data in the
automatic thermal model generator. Each numbered thermal node
shown in the schematic is the first of a ser!-s of five nodes dis-
tributed along the bearing length. Cooling flow passes through
the bearing film and through the clearance space (between foils
and housing) axially in the direction af increasing node numbers.
Internal heat generation in the bearing film is distributed uni-
formly along the bearing length.

The bearing film is treated as isothermal at any axial sta-
tion, which implies a concentric (unloaded) bearing, although the
power loss (heat generation) representative of a loaded bearing
may be input. As such, the computed temperature results may be
considered to apply to the foils at 90 degree positions from the
applied load. The highest foil temperatures occur on the loaded
side of the bearing because of increased frictional heating and
reduced flow area there. However, this analytical model has not
been extended to the point of predicting eccentricity effects.
Foil-to-foil temperature variations are believed to be minor be-
cause the computed peak foil temperatures reported herein are not
much higher than the journal surface temperature, and the latter
is obviously symmetrical due to high speed rotation.

Foil temperature results are presented in Figure 14 for oper-
ating conditions applicable to the baseline configuration, turbine-
end journal bearing. These conditions correspond to hot day, sea
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level, Mach 0.8 and a downstream labryrinth seal running clearance

of 0.008 inch. A power loss of 1500 watts, as predicted analyti-

cally, was used. Assumed airflow, speed, foil contact resistance

and minimum film thickness are also listed on Figure 14. In addi-

tion to the reference point, a parametric study was made to deter-

mine the effects of altitude, downstream pressure, power loss,

and sway space.

Figure 15 shows the effect of pressure ratio across the bear-

ing on the cooling airflow function (based on exit conditions) at

three different altitude conditions. Seal clearances required to

achieve a given pressure ratio are shown by dashed lines. The

flow function for the 50,000 feet condition was found to be rela-

tively low because of low flow Reynolds numbers and high friction

factors.

Figure 16 shows the effect of pressure ratio across the

bearing (and therefore cooling flow rate) on maximum foil temper-

atures (hot spot) and on maximum temperature differences within a

foil. In this figure, the power loss was held constant at 1500

watts for sea level and 25,000 feet conditions and at 1000 watts

for the 50,000 feet condition. This clearly indicates a need for
more cooling airflow at high altitudes, which, if provided by in-

creasing the flow area will result in unrequired cooling flow at

the lower altitudes. To prevent the resulting loss in engine per-

formance a barometric valve can be employed to correct the cool-

ing air flow to the bearings.

Power loss effects on foil temperatures are shown in Figure

17. The downstream seal clearance was held constant at 0.008
inch (radial), so the bearing pressure ratio and cooling airflow

can be obtained from Figure 15.

Finally, the effect of increasing the bearing sway space is

shown in Figure 18. This is the only deviation from the baseline
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F-
r configuration and the results are rather dramatic at the high al-

titude condition. Here, the seal clearance is held constant at

0.008 inch and the power loss is 1500 watts at sea level and 1000

watts at 50,000 feet.

The purpose in reporting these results is only to show trends

for use in seeking a satisfactory cooling scheme. They do not

represent a final cooled bearing design. Indications are that in-

creasing bearing sway space area in a manner that does not affect

bearing performance, such as bearing carrier grooving, is a pos-

sible approach to a satisfactory cooling system design without in-

creasing the bearing cooling flow rate.

3.1.8.2 Thrust Bearing Temperatures

The generalized thrust bearing thermal schematic is shown in

Figures 19 and 20. Figure 19 is an overall meridional view in-

cluding thrust runner and housing and Figure 20 is an axial view

of one of the foil sectors on the loaded side. The modeling con-

cept is similar to the journal bearing modeling discussed above,

while the configuration and the cooling scheme differ.

The cooling scheme employed in the thrust bearing baseline

configuration consists of cooling air jets impinging on the thrust

runner rim, followed by radially inward flow behind the thrust

plates on both sides. The jets are introduced at an angle in the

rotation direction to depress the inlet total temperature rela-

tive to the thrust runner. A sketch of this concept is shown in

Figure 21.

A steady-state temperature solution was obtained for the

thrust bearing operating under hot day, sea level, Mach 0.8 con-

ditions. Results are shown in Figures 22 and 23 as isothermal

diagrams (the notes on Figure 22 are applicable to each figure).

Figure 22 represents one of 13 identical sectors, looking at a

thrust pad where peak temperatures occur. Figure 23 shows the

axisymmetrical temperatures in the overall bearing.
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After examining model data and resulting metal temperatures,

and checking the energy balance, it was concluded that these re-

sults are valid, and therefore represent the best effort at pre-

dicting operating temperatures. Temperatures may be affected by:

(1) heat rejection to the bearing surroundings, (2) net thrust

load lower than 370 pounds, and (3) lowei power loss character-

istic due to a slight reduction in bearing size, such that the

present resalts are on the high side. The effects of (2) and (3)

could be quite significant and should be examined further as a

next step. However, these effects would not change bearing cool-

ing effectiveness, which, for this case is:

tex in 653 - 564

.t - t. 1015 - 564lt in

This value, depicting performance of the cooling scheme em-

ployed (rim impingement), is very low compared to that predicted

for journal bearings. The problem is related to low air pressure

drop across the bearing'used in this case, resulting in low jet

velocities for rim impingement. However, it is possible that the

cooling scheme is simply inadequate for a bearing of this size

and power loss density. In view of the parametric study on the

turbine-end journal bearing, which shows the 50,000 foot condition

to be most severe for cooling, it is excpected that internal cool-

ing passages in rotating parts of all bearings will be required to

achieve high altitude operation capability.

3.2 Design

3.2.1 Baseline Bearing Design

Tne TJE331-1029 engine configuration limited the thrust and

journal bearing size. Since MIL-E-5007 maneuvers impose high

loads on foil bearings (Figure 4) the foil bearings were designed
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with as large a projected area as possible. This resulted in 27

square inches of projected journal bearing area and 20.09 square

inches of projected thrust bearing area.

The baseline (initial) bearings designed, fabricated and

tested in this program were based on the successful DC-10 config-

uration.

3.2.1.1 Journal Bearing Baseline Design

The first configuration of journal bearings were made by

scaling the well-proved DC-10 cooling turbine journal bearings.

Iodifications were made where experience indicated they would be

beneficial.

DC-10 bearing has the following configuration:

Diameter 2.0 inch

Length 2.0 inch

Number of foils 8

Foil thickness (uncoated) 0.006 inch

Preformed radius 1.5 inch

Overlap 47 percent

Calculated diametrical sway 10.5 mils

The maximum diameter of the TJE331-1029 journal bearings is
4.5 inches. Hence, all linear dimensions (except length) are

scaled by:

4.52. - 2.25

The length was fixed by load capacity considerations. Calculated

dimensions for the bearings were as follows:

Diameter 4.5 inch

Length 6.0 inch
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Number of foils 8

Foil thickness (uncoated) 13.5 mils

Preformed radius 3.37 inch

Overlap 47 percent

Calculated diametrical sway 23.6 mils

During the DC-10 cooling turbine development program, sev-

eral preformed radius bearings were tested in the laboratory.

Tests showed that a 1.2 inch preformed radius showed somewhat bet-

ter performance than 1.5 inch. However, the 1.5 inch preformed

radius bearing had the successful service record. So an average

value of 1.35 inch was selected as the baseline preformed radius

for the large bearings. Hence,

Preformed radius of the TJE331 bearings = 1.35 x 2.25

3.03 • 3.00 inch

It was felt that 13.5 mil foil thickness was too stiff to

maintain the compliancy for six inch long bearings. Hence, the

thickness was reduced to 10 mils. However, to maintain the same

radial stiffness, necessary reduction in the sway space was made.

On the basis of test data collected up to that time, it was
felt that stiffness varied directly with the foil thickness ratio

to the pcwer 1.3. Hence, by using 10 mil foils instead of 13.5,

the stiffness reduces approximately by:

(10)1.3 -0.68

13.5

This was compensated by reducing the sway space. It was ob-

served that the stiffness varied inversely with the sway space.

Hence, new sway space was calculated as:

S 0.6823.6

S = (23.6) (0.68) = 16 mils

S~58
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Based on these calculations, dimensions of the first cut jour-

4 nal bearings were as follows:

Diameter 4.5 inch

Length 6.0 inch

Number of foils 8

Foil Thickness (uncoated) 10 mils

Preformed radius 3.0 inch

Overlap 47 percent

Calculated sway 16 mils

3.2.1.2 Thrust Bearing Baseline Design

Similar to journal bearings, the thrust bearings were also

designed by scaling the well-proven DC-10 cooling turbine thrust

bearings. The DC-10 thrust bearing configuration is as follows:

Outside diameter 4.23 inches

Inside diameter 2.34 inches

Number of pads 12

Pad thickness (uncoated) 6 mils

Pad plate thickness 7 mils

Stiffener thickness 8-1/2 mils

Spring plate thickness 7 mils

Thickness of spring stock 10 mils

From other considerations, the TJE331-1029 thrust bearing

outside and inside diameters were established at 6.15 and 3.50

inches, respectively.

Tr 2 2Area of DC-10 thrust bearings (4.23 2.34

9.77 sq in.

Area of TJE331 thrust bearings = - (6.152 - 3.52)0

20.08 sq in.

Scale factor = 20.08 1.43
ý9.77

59



Hence, TJE331 thrust bearings calculated dimensions are:

Number of pads 12

Pad thickness 8.56 mils

%' IPad plate thickness 10.0 mils

Stiffener thickness 12.1 mils

Spring plate 10.0 mils

Thickness of spring stock 14.3 mils

The number of thrust bearing pads was increased from 12 to 13

for the purpose of having a prime number of pads. From several

tests of DC-10 size, it was concluded that pad thickness was not

a crucial factor in bearing performance on the rig. However, from

the compliance point of view, it was decided to keep the pad thick-

ness 6 mils instead of 8.5 mils as calculated. From a manufactur-

ing point of view, to maintain flatness when the pads are welded,

it is better to keep the pad plate slightly thicker. Hence, the

pad plate thickness was established at 12 mils; and to maintain

the same total stiffness, the nmiddle stiffener thickness was estab-

lished at 10 mils. From further DC-10 thrust bearings rig tests,

it was determined that it would be better to make the spring plate

slightly heavier. Hence, a 12-mil spring plate was chosen. The

final dimensions as selected were as follows:

Outside diameter 6.15 inches

Inside diameter 3.50 inches

Number of pads 13

Pad thickness 6 mils

Pad plate thickness 12 mils

Stiffener stickness 10 mils

Spring plate thickness 12 mils

Spring stock 14 mils
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3.2.2 Thrust Bearing Test Rig Design

A test rig was designed and fabricated for full scale thrust
bearing testing and development. This required the rig to be ca-
pable of testing a 6.15-inch diameter bearing with the bearing

runner spinning at 33,000 rpm (plus overspeed capability) while

being subjected to an axial thrust load of 780 pounds. The de-

sign resulting from these requirements is shown in Drawing

3605849.

The thrust bearing test rig shaft assembly consists of four
major elements, the drive turbine, supporting journal bearings,

"the hydrostatic thrust runner, and the test bearing thrust runner.

The drive turbine and drive turbine nozzle assembly and inlet

scroll are production components of the air cycle turbine used in

the DC-10 Aircraft ECS. The tandem journal bearings are two-inch
diameter, eight-segment foil bearings from the same system. The

hydrostatic thrust runner, which is merely a rotating disk, opposes
the thrust that the rotating assembly applies to the test bearing.

The air supply, with its distribution hole pattern, is within the

adjacent stationary disk. The test bearing thrust runner is at
the end of the rotating group. The test rig operates with a ver-
tical centerline and is shown schematically in Figure 24.

The test bearing and thrust runner are housed in a chamber so
the air supplied to the bearing can be pressure- and temperature-

controlled. The load is applied to the test thrust bearing by a

pneumatic piston that is floating hydrostatically. The approach

permits the bearing drag torque to be measured by a strain-gaged

lever that resists rotation of the torque table on which the foil

thrust bearing assembly is mounted.

The initial test rig design included a flywheel to simulate
engine rotational energy. Although the critical speed analysis
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(Figures 25, 26, and 27) indicated no significant difference with

or without the flywheel, the severity of the first critical re-

quired removal of the flywheel with the resulting 2.2 inches

shorter shaft system. Figure 28 illustrates the rig as set up

for initial checkout runs.

Test rig instrumentation included: rotation speed, coc.±ng

air flow to the test bearing ambient compartment, test bearing

cavity ambient pressure and temperature, test bearing cooling ai:

exit temperature and pressure, test bearing drag torque, test

bearing load chamber air pressure, and orthogonal shaft motion

probes.

The resulting thrust bearing test rig proved to be a very

versatile tool for bearing development and presented no problem

once the critical speed condition was changed. The test bearing

thrust runner was easily changed in the event of a failure.

3.2.3 Journal Bearing Test Rig Design

A test rig was designed and built for ful! scale journal
•' bearing testing and development. This required that the test rig

be capable of testing a journal bearing 4.5 inches in diameter and

6 inches long (L/D 1.33). The journal (shaft) is required to spin
at 33,000 rpm (plus overspeed capability) and subject the bearing

to a radial load of 442 pounds. The test rig also was designed

to subject the bearing to altitude simulation, operating tempera-

tures to engine conditions, and misalignment. A schematic of the
resulting test rig design is shown in Figure 29. The design lay-

out is shown in Drawing 360585).

The test rig rotating assembly is supported by two foil jour-
nal bearings. A parachute loader located between the journal bear-

ings is used to apply radial loads to the shaft. A thrust bearing

located outboard of one journal bearing axially positions the
shaft, which is driven by an air turbine outboard of the thrust

bearing.
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65

4



Li)

Ln U-

I- LZ

(nI

4P
0

44-.

.S
4

4

.4..

1- *h'

. 1 1: 4-A $

0- (L 4

* -4

W-L

44 W U)

-'Cz

AU

M6bf

in u, m 7



AI

� 9

4�)

�1)

-S

-� co
(N3

Iuu..; Q)

41
S 1 1;

L1.4�

I;
I',

67

- VS � -�V�-4 S=�V - <A, � '�i$k�'�A� V �VV4� -- LV.4



z

> co

wij (A 0~
S-j

0-

D 0-

"0.

wY W
Jný U)

0 U) 0

A N

ce JI-
U ur-4

< - -

J - j

4-4

PU
~rl



4 The parachute loader consists of a hydrostatic (air) bearing

between the shaft and a thin sheet metal half wrap-around band

(Figure 30). The shaft is hollow, with holes under the parachute
loader to supply high pressure cooling air.

The drive turbine is a production air cooling turbine, modi-

fied for shaft attachment with an associated nozzle and air inlet

scroll.

The thrust bearing used for shaft axial position control, is

the baseline thrust bearing of this program, assembled in a double-

acting configuration.

The journal bearing at the drive turbine end is considered to

be the slave bearing but is identical to the test bearing at the

other end. The test bearing is mounted in a hydrostatically float-

ing carrier so the bearing frictional drag can be measured with a

strain-gaged lever.

Six separate controlled air systems provided to the rig in-

clude: drive turbine air, thrust bearing cooling air, slave bear-

ing cooling air, test bearing cooling air (pressure and temperature

control), test bearing mount hydrostatic air, and parachute loader

air.

Basic instrumentation for the test rig includes orthogonal

proximity probes for measuring shaft motion, (one at the outboard

edge of the test bearing and the other between the slave bearing

and the thrust bearing) speed pickup, inlet and exit air pressure

and temperature measurement for the slave and test journal bearing,

parachute loader load and bearing drag torque. The journal bear-

ing test rig is shown in Figure 31 during its initial checkout

runs.
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Figure 30. Tast Rig Parachute Loader.
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3.3 Bearing Design Analytical Tools

S: 3.3.1 Thrust Bearing Analytical Program

The Thrust Foil Bearing Analytic Solution consists of a fin-

ite difference hydrodynamic analysis and a finite element elasti-

city routine, which exchange information to obtain a converged

solution. As shown in the program logic diagram, Figure 32, the

program commences by requiring a definition of the bearing geom-

etry and initial film thickness. The starting film thickness is

a user input requirement. The closer the initial film is to the

converged solution, the more rapid the convergence of the elasto-

hydrodynamics solution. Once the initial film and input param-

eters are defined, the program proceeds to the hydrodynamic anal-
ysis to determine a fluid pressure distribution and the resulting

loads to be applied to the finite element elasticity routine.

With these loads, the elasticity solution provides the foil de-

flections and consequently, the elasticity film distribution (he).
e

With (h ) and the hydrodynamic film (hH) defined, a relaxation of
eH

the form:

hM)= h (il) + (1- a) h (il)

H e

Where:

(i) is the iteration index

a is the relaxation parameter

permits redefinition of a new hydrodynamic film and the cycle

continues. When tha film distribution used in the hydrodynamics

(h is the same as that predicted by the elasticity routine

(he) then convergence is achieved as:
e

h!(i) U e~-l) U=h~-1)
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3.3.1.1 Elasticity Solution

The elasticity solution is a three-dimensional triangular-

plate finite element representation of the foil with provisions
for assigning spring stiffness at prescribed nodal locations.

This linear elasticity solution contains provisions for evalua-

tang thermal effects, including that due to thermal gradients

across the plate thickness. The elasticity routine accepts the
pressure distribution, as determined by the hydrodynamic finite

difference solution. The pressure loading is then integrated for

nodal loads, which provide foil deformations for the linear elas-

ticity solution. Special boundary conditions such as symmetry
are directly provided by proper conditioning of the finite ele-
ment elasticity matrix. A schematic of a typical thrust bearing
model, illustrating the finite difference and finite element

grids is shown in Figure 34.

The finite element grid consist of triangular shell elements.

As shown in Figure 33 below, three cartesian components of trans-
lation and rotations at each of the three mid-thickness vertex are

provideQ.

• , ey 1

_ 0Ox

Figure 33. Finite Element Grid

The local coordinate system shown in Figure 33 is utilized
in the computations but foil elasticity deflections are reported

by the program in a global coordinate system.
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Figure 34. Thrust Foil Bearing Mathematical Model.
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3. .,.1.2 Hydrodynamics Solution.

The thrust foil bearing subroutine termed the hydrodynamics

program of Figure 32 is a finite difference solution to the

Reynolds e~uation. Based upon the assunptions that:

(a) The axial clearance between bearing surfaces is

"much smaller than other bearing dimensions.

(b) The flow may be laAinar or turbulent.

(c) Both bearing surfaces are wet.

(d) The velocity gradients across the fluid film are

much larger than othex velocity gradients.

(e) Body forces, pzissures, viscosity and density are

inveriant across the lubri.cant film,

(f) The workin, fluid may be compressible or in-lorpres-

sible.

(g) p = P/RT lsothermal conditions).

S•The Reynold 's equation can be expressed in a cartesian fram:ie

S. as :

-6 -(U -U1 ) + Ph (U + U-)

+ h U Ui) ! + 2P V1  V

76
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Wbere subscripts (o) and (1) refer to velocity components at the
surfaces indicated on Figure 35 and:

P the pressure

p the density

X, Z = body forces

U, Vo, UI, V1 = velocity components

h = film thickness

1 =viscosity

and the turbulence constants k and k are given by:
x z

2 0.725
= 12 + 0.53 (k Re

=12 + 0.296 (k 2Re) 0 6 5

Where Re is the local Reynolds Number and Kappa (k) is the

Prandtl's mixing length, which has been experimentally deter-
mined to be dependent uporn the eccentricity ratio for plain
journal bearings as shown in Figure 36 with analytic correlation

per Figure 37.

Transformed to cylindrical coordinates, and accounting for the

velocity terms, the Reynold's equation becomes:

r ~ 3 iF\O-dr 3~

PU hu aP
-6 r 3h +rPa
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Figure 35. Thrust Bearing Geometry.
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where:

V1  7t rý COS(-eo ) - rtp SIN(e-eo)

U =r
0

0 is the angular location of minimum film

clearance

indicates derivative with respect to time.

The Reynolds equation is written and solved in finite

difference form to provide an expression for pressure at the

point (i,j).

4i+1,j

0 i-ij

Pressure distribution within the bearing is obtained by an

iteration technique. The program includes the option of consid-Du
ering fluid inertia. Mean values of the fluid inertia terms p•-t

Dwand p5- are computed utilizing pressure distributions at inter-

mediate stages of iteration and incorporated in subsequent itera-

tions until the designated accuracy requirement is satisfied.

3.3.1.3 Computational Results

The baseline foil thrust bearing, as specified below was

first analyzed using this newly developed elasto-hydrodynamics

computer program. Figures 38 and 39 show typical computer results
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~i

7j/

SOD = 6. 15 IN.

I D = 3. 50 IN.
N = 33,000 RPM

Pa = 15 PSI
LOAD
CAPACITY = 100 LBS (5 PSI)

Figure 38. Baseline Bearing Film Thickness Isopleth

(In./10,000)
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of film thickness and film pressure distribution in isopleth form

for one thrust bearing sector at a bearing load of 100 pounds

(5 psi).

Outside Diameter (OD) 6.15 In.

Inside Diameter (ID)3.In

Thickness of Foil (T 0.006 In.

Thickness of Foil Pad Plate (T2 ) 0.010 In.

Thickness of Stiffenter (Tf3) 0.012 In.

Thickness of Spring Pad (T4 ) 0.012 In.

lNumber of Sectors (N) 13

Figure 40 shows film thickness• results and runner positions

at the mean radius (R ý- Rm) for various bearing loading conditions.

The effects of foil bearing compliance ae' also shown on Figure

40 by the shape of the film. Since the film shapd becomes ex-

tremely steep at higher loading conditions (Figure 40), higher

friction losses are expected. The bearing friction loss versus

bearing load, as predicted by the &nalytical program is shown in

Figure 41. Gas film pressure profiles along the mean radius line

(R = Rm) for various •bearing loading conditions are shown in Fig-
m

ure 42. The minimum film thickness, usually located near the

bearing inside diameter (see Figure 39), is shown against the

bearing load in Figure 43. tearing load capacity is predicted

by using a minimum film thickness of 0.0001 inch. The baseline

bearing was predicted to fail at a bearing load of 230 pounds by

the analytical study.

The baseline thrust bearing was tested in the test rig. The

bearing carried a load of 304 pounds. The rubbing pattern shown

in that test clearly indicates that rubbing was initiated at the

regions of minimum film thickness as predicted by the analytical

results.

The baseline bearing failure, at a 304 pound load is a result

of incorrect film shape at higher bearing loading conditions, as

shown in Figure 40. A good film shape can increase the bearing
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0 0.5 .1.0 X/LM

•:" ih2 0.00095 IN

'• {FOIL- P =15 PSI-

SN = 33,000 RPM
•;_ iRm= 1/2(RO + R.)

LM = 2w 1.166) IN.•i • Lm = 13"
i0.0051 ---

S! IBEARING LOAD 1 00 LBS (5.0 PSI)

0 0.5 1.0 x/Lm

S RUNNER U

PFOIL -. h2 =0.00065 IN.

~~0.005,,
BEARING" LOAD =180 LBS (9;,0 PSI)

0 0.5 1. 0 X/Lm

RUNNER UCI

S• •h 0.00032 IN.FOIL

So. 005L
BEARING WAD 270 LBS (13.5 PSI)

! Figure 40. Film Thickness at RM for Baseline Thrust Bearing
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Figure 41. Baseline Bearing Friction Loss as Function of
Bearing Load
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Figure 42. Pressure Profile at RM for Baseline Thrust Bearing
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load and decrease friction loss, thus improving these major
bearing characteristics. Therefore, an analytical study focused

on controlling the film shape was initiated to aid in optimizing
the bearing design.

A, The "Dual Spring" spring assembly shown schematically in

Figure 44 is the new design concept resulting from the analytical

study. The gas film thickness distribution in the dual spring

V, foil thrust bearing can be optimized varying the spring ratio,

r k2 /kl, and the stiffening segment thickness "t" (Figure 44).

The analytical results for the dual spring foil thrust bear-

ing having the same dimensions as the baseline bearing are shown

in Figures 44 through 48. Figure 45 shows the film thickness

results and runner positions at the mean radius (R = R ). Figure
46 shows the pressure' profiles. Figure 47 shows friction 2osses

versus bearing load. The bearing load capacity versus minimum

film thickness curve is shown in Figure 48. Results of a single

-•spring baseline bearing were also plotted in Figures 47 and 43

for comparison. As indicated in Figure 48, the dual spring

thrust bearing was expected to develop significant improvement

in load capacity.

Subsequent testing of the dual spring design did not provide

the load capacity predicted. This was due to the sensitivity of

this design to manufacturing tolerances, etc. However, the anal-

ytic computer program did indicate that, by proper control of the

foil and stiffener elasticity, increased load capacity could be

achieved. This was experimentally demonstrated by the partial

pad stiffener design (Figure 49), which achieved a load capacity

of 540 pounds.

3.3.2 Journal Bearing Analytic Program

The foil journal bearing computer elasto-hydrodynamic analy-

sis parallels the thrust bearing computer analysis program. A
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Figure 44. Dual Spring Foil Thrust Bearing
Schematic.
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Figure .45. Film Thickness at Rm for Dual Spring Thrust Bearing
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separate hydrodynamics subroutine and elasticity subroutine ex-

change the appropriate information on loads and foil deformations

until convergence is achieved. Convergence is attained when the

hydrodynamic film thickness used to obtain the pressure distribu-

tion and resulting foil loading is the same film thickness

(within a reasonable error) predicted by the elasticity program

when the hydrodynamic loads are imposed on the foils. The Foil
Journal Bearing Program flow chart is provided in Figure 50.

This logic chart differs from that previously presented for the

thrust bearing program in two respects. First, a geometry rou-
tine has been added to the Journal Bearing Program to predict the

assembly configuration. Second, the elasticity solution is non-

linear. These differences result from a fundamental but signifi-

cant feature of journal bearing geometry, which is that journal

foil segments are not independent elastic members but are in con-

tact with each other. Thus, each foil encounters loading due to

the hydrodynamics of the bearing as well as traction loads and

kinematic constraints from foil interaction. In simple terms,

foils may: (1) be in contact with each other, (2) be in contact
with each other and constrained by the bearing housing, (3) be

in contact with boundaries and not in contact with other foils,
or (4) be in contact neither with other foils nor boundaries.

These conditions must be correctly assessed by the elasticity

program, thereby requiring a difficult nonlinear iterative elas-

ticity subroutine to be programmed. This has been successfully

achieved.

3.3.2.1 Discussion of Geometry Subroutine

As all foil displacements must be referenced from prescribed

datum, it is first necessary to determine this reference config-

uration. For the foil thrust bearing this datum is the free foil

geometry. For the journal bearing, the configuration of the foils

may differ in the assembled state from the free form state due to
foil interaction loading. Generally, the fewer the number of

segments, the more likely that the assembly configuration deviates
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from the free foil state. The assembly subroutine has been

programmed to determine the assembled configuration of the foil

journal bearing prior to shaft insertion. This geometry subrou-

tine has been programmed to search for an acceptable constant

curvature osition at assembly. Given the free foil radius (AFF),

the length of the foil (FL), the base material thickness (tf),

the non-structural coating thickness (tc), and the bearing radius

(R.), the assembly subroutine seeks a foil radius R0 (Figure 51)

where R' R + tf + tc. The assembly routine reprts RO, as well

as R (the radius to each node from the geometric center of the

bearing) from which all foil deformations are measured. Figure

52 presents some typical Calc:mp compater plots generated by the

assembly routine for 6-, 12- and 16-segment foils.

3.3.2.2 Elasticity Subroutine

Figure 53 presents the details of the assembly/elasticity

solution. As noted, the elasticity solution cOnimences by obtain-

* ing the symmetric "preload" position of the foils. This is the
configuration when the shaft is inserted in a zero "g" position.

t~he program proceeds from there to obtain the foil configuration
when the hydrodynamic loads are applied. Program checks provide

for:

(a) Constraint or release of nodes on adjacent foils

and/or contact with boundaries

i (b) Constraint or release of nodes in contact with

the shaft

(c) Constraint or release of nodes on the bearinj

housing

Ulodal constraint is provided when displacements indicate a viola-
tion of kinematic boundaries. Release of nodes occurs when trac-

tion loads produced by constraint are no longer physically real-

izable.
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SI

The foil elasticity is analytically represented as a series

of short curved elements with a coordinate system and sign con-

vention (Figure 54).

By application of Castigliano's second theorem, the element
and system stiffness matrices may be determined. The stiffness
equation solution is provided by a straight-forward displacement

matrix approach. The fixity of the foil to the bearing housing

is assumed to be a "pinned joint". The difficulty in the solu-

tion is encountered when the foils are loaded. The foils begin
to contact each other and encounter kinematic constraints of the
journal and bearing housing. It is apparent that this provides
a highly nonlinear stiffness characteristic of foil journal bear-

ings To deal with these problems the elasticity program gener-
- ates a constraint matrix. This constraint matrix is used in a

transformation of the governing equations to deflate (reduction

of degrees of freedom due to constraints) the set of equations.
By proper partitioning of this reduced set and by back transfor-
mation, the solution to the constrained equation is determined.

This permits the nonlinear stiffness characteristics to be

•. simulated.

I 3.3.2.3 Hydrodynamic Analyses

The journal foil bearing subroutine termed the "Hydro-

dynamics Program" (Figure 50) is a finite difference solution to
the Reynolds equation, based upon the assumptions that:

(a) The film clearance between the shaft and foil is

small compared to the radius and length of the bearing.

(b) The flow may be laminar or turbulent depending upon

the local Reynolds number.
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P = Tangential load
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u = Tanaential displacement
v = Flexure displacement

b = Rotation
- t = Thickness

Figure 54. Foil Geometry Coordinate System.
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(c) Wet surfaces - no slip at bearing surfaces is

permitted.

(d) The working fluid may be compressible or incom-

pressible.

(e) The velocity gradients across the fluid film are

larger than other velocity gradients.

' (f) Axial and circumferential flows are permitted.

SjProgram solution for finite length bearings.

S(g) Body forces, viscosity and density may vary with

position in the axial and tangential directions.

(h) Nonsynchronous and squeeze film loading permitted.

Figure 55 illustrates the foil journal bearing geometry for
4 the hydrodynamics solution. Figure 56 illustrates the tangential

and radial velocity components U and V, respectively. With this

geometry defined, the compressible Reynolds equation can be ex-
pressed as:

a P h 3  hP h -

6 (p C0 -U ah + Ph a (U + Ul) + h (U + Ul )aP
ax ax a

where:

P = hydrodynamic pressure

p= Density = P/RT (Isothermal conditions)

X, Z = body forces

Uo, V0 = velocity components at shaft surface

I 104
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U1 , V1 = velocity components at foil surface

h film thickness

• = viscosity

and the turbulence constants Kx and K are given by:S~z

KK2 0.725Kx =12 + 0.53(kR)

K = 12 + 0.296 (KA e)6

where Re is the local Reynolds Number and K is the Prandtl's
mixing length as indicated previously in Figures 36 and 37.
3.3.2.4 Comparisonof Analytical and Experimental

Data for Elasticity Solution

Numerous test cases have been evaluated to demonstrate the
program's capability in recognizing proper release, kinematic

constraints, and foil overlap in duplicating experimental static

stiffness data. A thorough examination of the elasticity program

and correlation with experimental data has demonstrated the ade-

quacy of this portion of the elasto-hydrodynamics journal bearing
program. Some of these results are presented below:

o Figure 57 illustrates a typicr I. foil geometry and
the coordinate system utilized .in this study. Note

that the positive direction oL eccentricity (e) has

been established in the direction of the positive
Y axis. Accordingly, a negative value of (F ) on

fr ythe journal opposes a positive value of eccentricity.
Further, a positive value of (F ) encourages forward

xprecession (whirl), whereas a negative value of (Fx)

opposes forward whirl. The angle (') is a geometric

parameter and is a user input option to control the

displacement vector (eccentricity) direction with
respect to foil geometry.
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O Figure 58 shows a comparison of experimental

data and analytic data for a 0.0085-in. thick

16-segment foil coated with 0.001 in. of Teflon;S.

A As shown, excellent correlation was achieved.

o Figure 59 is a comparison of analytic and ex-

perimental data for a 0.010-in. thick uncoated

8-segment foil. Two curves are present; one

for the displacement vector (eccentricity) dir-

ected toward the trailing edge (T.E.) of a foil,

the other with the eccentricity directed midway

between two trailing edges of adjacent foils.

It is interesting that both experimental and

analytic data demonstrate the "stiffer" curve
is produced when loading is directed midway

between the trailing edges of two adjacent foils.

o Figure 60 presents the data obtained for a 0.012-in.

thick 12-segment foil coated with 0.001 in. of

Teflon-S. Two curves for the experimental and an-

alytic study are presented similar to those of

Figure 59 for the 8-segment ftoil. It is noteworthy

that, unlike Figure 59, the experimental curves for

loading over the trailing edge and loading betweenV adjacent foils cross at approximately 0.005-in.

eccentricity. This same characteristic is duplicated

at an eccentricity of 0.006 in. for the analytic data.

o Figure 61 presents the loading obtained analytically,

which represents the resultant orthogonal load Fx
(see Figure 57), for the 12-segment foil studied in

Figure 60. The magnitude of this load is small in

comparison to the load resisting eccentricity (F
y

of Figure 60. It is interesting to note the apparent

symmetry when the loading direction is altered.
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o Figure 62 is a 12-segment design analytic study of

the effect of foil length on static stiffness. The

solid line represents a minimum foil length (0.010

in. less than nomi.nal) or a foil overlap of 47.2 per-

cent. The "stiffer" dashed curve illustrates the

load versus deflection data for a maximum foil length

(0.010 in. greater than nominal) or an overlap of

47.7 percent (the nominal foil overlap is 47.5 per-

L cent).
TA

3.3.2.5 FoilBearingAnalyticalProgramPreliminary Results

Preliminary results of the nonlinear elasto-hydrodynamics

program provided solutions that converged to an acceptable

elasticity configuration, as well as an acceptable hydrodynamics

solution.

Figure 63 tepresents the symmetric pressure profile for the
I zero eccentricity case of an 8-segment foil bearing. The com-

puter solution verified the no-load configuration and the symmetry 4
of pressure distribution.

Figure 64 is the same 8-segment configuration with an ec-

centricity of 0.004 in. The nonsymmetric pressure profile illus-

trates the pressure loading to oppose eccentricity.

3.4 Materials Development

The foil bearing concept is based upon a rotating component

supported on a thin film of air (or other gas), using compliant

foils as the mating surface (a minimum speed is required to develop

an adequate film). This behavior allows non-contact conditions

to exist during most of the bearing operation. However, contact

does occur when the shaft rotational speed is below that required

4 114



- ~~-4- - C

m C14 4

444

0~0

E-40 0

C14)

r-4 4 '-4

olX*I A.ioumo

115a



-v \

Rs 2.250 IN.

Ai S

tf 0. 010 IN. /

fS

St =0.001 IN.
Ic

Rb 2.282 IN.

e =0.000 IN.
•F =0.000 LB.

MINMUM=0.0026 IN.
FFILM

Pa = 15 psi
STORQUE =2.744 LB-IN.

i Figure 63. Eight-Segment Foil Center Plane Pressure Distribution
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R 2.250 IN.
Rs •
tf S=t 0.001 IN.k /:

R 2.282 IN.
e = 0.004 IN.

F =22.3 LBS.

MINIMUM = 0.00007 IN. MINIMUM FILM
FILM

Pa = 15 psi

TORQUE = 3.36 LB-IN.

Figure 64. Eight-Segment Foil Center Plane Pressure Distribution
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to develop a supporting hydrodynamic film, i.e., during
turbomachine start-up or shut-down. At this time bearing sur-

face lubrication becomes important and is provided in the form
of a solid coating having optimum low friction, wear resistance,

and a tolerance for ingested particulate contaminants, as well as
acceptable properties in the temperature range from -65 to 1200*F.

In addition to coatings, it was necessary to specify sub-

strate alloys, for rotating shafts and bearing foils, that were

•. jcompatible with coatings and also capable of extended service at

temperatures to 1200 0 F. Materials development activities culmin-

ated in selecting appropriate coatings and substrate alloys for
use in thrust and journal foil bearing test rigs at elevated tem-
peratures. Material development goals were as follows:

(a) Identify and evaluate candidate foil coating
A materials for temperature capability fo 1200 0 F.

(b) Evaluate foil materials that show promise of a

minimum loss in strength and elastic modulus from
room temperature through the maximum operating

temperature (1200 0 F).

jcl Select the most appropriate coatings and alloys to

provide the best combination of properties for

operation in bearing test rigs.

(dj Demonstrate survivability under simulated engine

operating conditions (bearing test rigs)

Within the framework of these goals a materials develop-
ment program was conducted as described in the following section.

1
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3.4.1 Approach

To determine temperature requirements for substrate and

coating materials, the following bearing temperature require-
ments were established:

(a) A maximum inlet air temperature of 5640F (compressor

discharge).

(b) An additional temperature increment to provide

adequate heat sink capability of the inlet air to

cool the bearing (bearing therefore will operate
200-300 0 F above inlet air temperature).

S-. (c) An additional temperature increment due to frictional

heating during bearing contact periods (approximately
1000 to 200 0 F).

(d) An additional temperature increment of approximately

S•100 to 200OF due to thermal soak back from a hot

turbine (occurs when the engine is restarted soon
after shutdown).

These define a requirement of up to 864°F for continuous

bearing operation. Allowing for frictional heating, thermal
soakback and a small safety margin, 1200 0 F was selected as the} maximum temperature capability goal for bearing materials.

The above requirements led to organizing the materials

development program into two general activities, described below:

Preliminary Materials Screening - Included a review of the
literature to define candidate coatings and substrate alloys

for evaluation in the program. Metallurgical evaluations

were conducted on a variety of coatings and substrate alloys

to define appropriate materials for wear rig testing.
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Wear Rig Evaluations - Selected coatings were applied

to bearing surfaces and evaluated for friction and wear

at temperatures to 1200*F in a foil bearing materials

test rig. Other evaluations of coating performance such

as friction measurement and coating appearance were also

conducted.

A materials development logic diagram is provided in Figure

65, showing the sequence of events leading to identification of

the best materials (coatings and alloys) for use in the thrust

and journal bearing test rigs. Final materials selection for

bearing rigs was made using information gained throughout the
program, and included fabrication and processing factors as well

as oxidation behavior and wear rig performance.

3.4.2 Materials Survey

Candidate coating and substrate alloy materials that appeared

capable of meeting program goals, and selection rationale are
discussed in the following paragraphs:

3.4.2.1 Substrate Alloys

A previous AiResearch funded activity utilized several shaft
construction alloys: Inconel 718, Inconel X-750, AF2-1DA, Haynes
25 (RS-25), and AMS 6250. Of these, Inconel 718 and X-750 and

Haynes 25 are the best choices when considering fabricability,

availability, and mechanical properties at 1200*F. These con-
siderations led .to selection of Inconel 718 for the wear test rig

and the journal bearing rig shaft components. Inconel 718 also

demonstrated compatibility with several coatings (Cr2 03 , A12 03 ,

Chromium, and AFSL 28) in the above activity.
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Selecting alloys for foil construction was more difficult

because of the higher temperatures generated at the coating sur-

face during turbomachine start-up or shutdown. Several super-
alloys were considered, as well as the more available stainless

steels. Candidate alloys are presented in Table 6 with several

properties that would influence foil performance during coating

as well as use in a bearing. Observations of this and other data
establish the following:

(a) Strength is generally acceptable in the temperature
range 800 0 -1200 0 F.

(b) Thermal expansion of these alloys is typically

quite high compared to organic or cercAmic materials

•f [ that would be considered for coatings (presents

fabrication and performance difficulties).

c•) Thermal conductivity of these alloys is generally
quite low, thus limiting the ability of the foil to
conduct heat Away from the coating during rubbing.

(d) Data for long term exposures at 1200OF was gener-
ally not available in the literature and no assess-
ment could be defined quantitatively (metallurgical

stability or oxidation resistance).

Stainless steels and other iron base alloys were eliminated
A. from consideration due to lower strength and elastic modulus and

to anticipated poor oxidation resistance at elevated temperatures.

The best alloys for foils were the nickel base alloys of the
gamma-prime strengthening type (Inconel 718, X-750, and 706) from

a standpoint of strength, oxidation resistance, and modulus.

Cobalt base alloys have good oxidation resistance but their
strength and elastic modulus are lower than the above nickel
alloys. Therefore, the following alloys were selected as ini-

tial candidates for foil materials:
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(a) PH 15-7Mo or 17-7PH, 304L and 446 stainless steels.

(b) A-28. iron base superalloy.

(c) Nickel base superalloys Inconel X-750, Inconel 718,

Hastelloy X and Rene' 41.

(d) Haynes 25 or 188 cobalt base superalloys.

These alloys were chosen primarily to provide a wide range
of compositions to evaluate coating adherence aa•d oxidation be-
havior. As indicated in Table 6, several alloys are of lower
strength and could be considered only for applications below
1000 0F.

3.4.2.2 Coatings

One of the more critical factors affecting the successful
application of gas lubricated foil bearings to gas turbine en-

gines deals with the selection of a solid lubricant for bearing
surfaces. The current program requires bearing operation at tem-

peratures to 1200OF and demands a solid film lubricant which is
advanced beyond current commercially available lubricants such
as Teflon, molybdenum-sulfide (MoS 2 ), graphite, or graphite-

fluoride. Materials that may therefore be considered for solid
film lubricants must display the following properties at room

and 1200OF operating temperatures.

o Lubricative qualities or high hardness

o Satisfactory wear life

o Adequate oxidation resistance and bonding

4[ o Compatibility with substrate materials
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0 High temperature stability (will not form

deleterious compounds upon long term exposures)

o Adequate strength and ductility

o Satisfactory tolerance for ingested materials

These requirements eliminate organic materials as well as
jmany other coating compounds due to the temperature environment.

Finding a single compound that meets all of the requirements also
is quite difficult and therefore, the use of composite materials

such as NiCr (metal) + Cr 3 C2 (cerarmic) or the possible use of one
type coating on the rotating component and another coating on the
stationary portion of the bearing were also considered. The lit-

erature provided guidelines for selecting appropriate materials
as well as, in some cases, providing material choices and evalua-
tions for the anticipated temperature range. Table 7 list3 mate-
rials tested, based upon data in the literature, or selections
based upon desirable physical and mechanical properties such as
high hardness, oxidation resistance, high melting point, low fric-
tion coefficient, desirable crystal structure (hexagonal, close-

packed), thermal expansion and thermal conductivity. Several
materials indicated survival of high speed overload, large
number of start/stop cycles, and good performance over the entire

temperature range.

The literature recommended Cr3 C2 , CrO. variations, (4)3 2' ^r 31vratos
orBa cm(5,6,7) (8ý~ (9)Ca 2 or BaF compositions( , Ag-Re , or B4 C as the

more promising hi.gh temperature materials. Comments relating to
- the ialue of other materials such as ceramic oxides and cobalt-

containing metallics' influenced the selection of other mate-
rials listed in Table 7. Many materials qualified as candidates

for coatings and therefore selections for screening efforts were
representative of various classes of materials.

( 2 '3Superscripts refer to the list of references at the back of
this report.
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Generally, the metallic type coatings were placed on the
(3)rotating component of the bearing as suggested by Murray to

reduce metal transfer. The following coatings were placed on

both shaft and foil: NiCo, Kaman Cr0(DES and SCA), Tribaloy-

400 and HS-25 (not a coating, typically used as an oxidized

metal). Most, but not all of the coatings (Table 7) were evalu-
ated in the materials screening activity (Paragraph 3.4.3). Some

were selected after screening activity was concluded, and inte-
grated into wear rig testing. These included NiCo, Teflon-S and
Mrionite-2500. Discussions of these test activities as well as

other materials evaluations are contained in following paragraphs.

3.4.2.3 Fabrication and Process Considerations

The application of materials to foil bearings required ad-
ditional considerations beyond their physical and mechanical
properties. Matching a coating with substrate demands consider-
ation of fabrication methods, repair techniques and integration

with test rig design requirements. Chemical compatibility be-

tween coating and substrate, as well as coated surface-to-coated
surface also was of concern.

3.4.2.3.1 Chemical Compatibility

Chemical reactions can occur between materials at high tem-
peratures that are not observed at ambient temperatures. Com-
patibi.!ity of the coating/substrate combinations served as one

of the selection criteria and defined a need for stable mate-

rials. only a few alloys and coatings evaluated in the program

were expected to present compatibility problems, and included the
iron base alloys and the fluoride coatings.
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3.4.2.3.2 Fabrication Requirements

Fabrication procedures for coated shafts and foils were de-

fined by comparing the individual heat treatment requirements of

the coating and alloy, and by the appropriate manufacturing se-

quence including cleaning, forming, machining and quality control
inspections. The typical configuration of coated components is

4illustrated in Figure 66, where more than one coating is used to

obtain optimum performance. Intermediate coatings were used to

gain desirable wear properties or improved bonding between the

outer coating and the alloy substrate. An outer lubricative layer

could be used over an intermediate coating which had good hard-

ness or wear resistance. These are some of the coating approaches

used during the program and will be defined (Paragraph 3.4.3) in
detail for each of the coated components.

Wear resistant and/or lubricative coatings were considered

for both foils and shafts. A shaft can accept a wide variety

of coatings, especially very hard and/or thick ones if required.

The foils, however, require a relatively thin coating (less than

0.001-in. thick), with some degree of flexibility. A wide variety
of techniques may be used to apply coatings to metal substrates,

as follows:

1. Dipping, spraying, or brushing followed by a thermal

cure

2. Plasma spraying

3. Electrophoresis
4. Electrodeposition

5. Vacuum deposition

6. Sputtering

7. Ion Plating
4i

8. Chemical diffusion (such as gas sulfiding or seleniding)
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WEAR/LUBRICATING
COATING

INTERMEDIATE COATING--E

COATED SHAFT CONFIGURATION
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FOILMETAL

HEAT DISSIPATING
COATING ON REAR
SURFACE

COATED FOIL CONFIGURATION

"Figure 66. Typical Coated Shaft and Foil Configurations
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Since temperature requirements of the program preclude using

organic and other low temperature coatings, only coatings with a
temperature capability greater than 750*F were considered. Lim-
ited testing was also conducted with Teflon-S as a baseline bear-

ing coating.

Coated component fabrication was therefore based upon many

factors and varied from coating to coating. Generally, fabrica-

tion procedures for shafts differed somewhat from foils. Shaft

outside diameters were achieved by one of two approaches. In the

first, the shaft was machined to final dimension with a high

quality finish, which would accommodate very thin 0.00004-in.

(10,000 angstroms) sputtered coating. The second approach in-
volved machining to approximately 2-6 mils undersize on the out-

side diameter with a rough finish, to accommodate thick coatings

(1-3 mils) applied by bulk techniques such as dipping or plasma
spraying, then machining back to final size and finish.

Foil fabrication involved the use of 0.006-in. thick alloy

stock which presented a variety of problems during processing.

Foils had the tendency to distort during heat treatment and roll

forming as well as during the coating process itself. Foil fab-

rication typically involved a series of operations requiring, for

each coating under consideration, definition of the proper foil

• Iforming, heat treatment, and coating application sequence.

Most coating activities were performed by commercial vendors
while fabrication and heat treatment were primarily done at

AiResearch. Foil curvature was performed on a two-roll bending

device by compressing the foil between a large diameter (6-in.)
rubber roll and a small diameter steel roll (1/2-in. diameter).

Compression severity defined the foil curvature radius.

Pro.,ess control requirements for coated shaft and foil fab-
rication typically included the following:
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Shafts and Foils

(a) Composition - AMS specifications

(b) Heat treatment - AMS or AiResearch specifications

(c) Cleaning - AiRes,.arch specifications

(d) Surface finish -appropriate for particular situation

Coatings

(a) Composition - vendor or AiResearch specifications

or specialized program requirements

(b) Heat treatment - compatible with coating and alloy

p.. (c) Thickness - varied from angstrom range to several mils

Cd) Surface finish - desired at 4-8 rms or as feasible

Cel Application - best method for situation

3.4.3 Materials Screening

The initial portion of the materials development program
was devoted to screening alloys for substrates (shaft and foil)

and coatings, for 1200OF operation in air. Material screening

was performed by various metallurgical examinations such as ten-

sile and bend testing, hardness, metallography and thermal expo-

sures to evaluate oxidation and/or thermal stability. Results of

these evaluations led to the selection of coatings and alloys for

A wear rig tests to evaluate friction and wear.

3.4.3.1 Substrate Alloys

Six alloys were selected for shafts or foils and metallur-
gical evaluations conducted to define the appropriate alloy(s).

Haynes 25, Inconel 718 and X-750 were considered for shaft
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construction while 304L and 446 stainless, Inconel 718 and X-750,

Haynes 25, and Hastelloy X were evaluated for foil construction.

3.4.3.1.1 Alloy Thermal Exposures

Six alloys '(0.006-in. foils) were exposed to 1200OF air for

Speriods of 20, 168 and 550 hours in order to evaluate oxidation

behavior, microstructural changes and hardness. All alloys dis-

. played acceptable oxidation resistance, with 304L providing the

poorest performance due to formation of 0.0002 inch of oxide

after 500 hours of exposure.

Microstructures of each alloy are shown in Figures 67 and 68

for the as-received samples and those exposed to 1200OF 550
hours. The 446 stainless, Inconel 718 and Inconel X-750 alloys

appeared the least affected by thermal exposure. All other

alloys show grain boundary precipitation. The Haynes 25 showed

this precipitation after an exposure in excess of 20 hours while
the 304L stainless and Hastelloy X developed it with exposures of

less than 20 hours. Microstructures indicate 446SS, Inconel 718

(aged) and Inconel X-750, solution-treated or aged, would be the

preferred alloys for use in the 1200*F range.

Measurements indicated negligible change in microhardness

for Hastelloy X, aged Inconel X-750 and possibly 446 stainless

steel. Minor hardness increases followed by decreases were ob-

served for 304L stainless and solutioned Inconel X-750, while

Inconel 718 and Haynes 25 decreased in hardness upon increased

thermal exposure. Alloys Hastelloy X and Inconel X-750 (aged)

maintained hardness through the several exposures and would be

considered stable and therefore desirable alloys for long-term

operation.

Based upon thermal stability, alloys 446SS, Inconel 718 and

X-750 were considered good candidates for shaft construction,
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while Inconel X-750 was the preferred material for foils. Use of

446SS was not recommended unless additional testing would verify

'r its capability in the 8000 to 1000°F range. The distinction in

SImaterial selection here was based upon the need for 1200*F capa-

bility for foils but somewhat lower temperatures for shaft mate-

rials due to its cooler operation.

3.4.3.1.2 Foil Alloy Tensile Properties

Three candidate high temperature foil alloys were evaluated
for tensile properties at several temperatures and also after long

term thermal exposures (Table 8). Strength properties of the

three alloys are decreased at test temperatures above 1000°F as
would be expected. The 1315*F/484-hour exposure promoted mixed

results among the alloys, the most critical being ductility re-
S• ductions. Low ductility for Inconel 718 and X-750 at temperatures

above 1000OF would cause problems under high stress or fatigue
situations. The long term exposure improved the ductility of

Inconel 718 at 1300 0 F.

Tensile properties generally showed all three alloys to have

various deficiencies and that no single alloy could be chosen

above the others, the Inconels displaying high strength but very
low ductility, while the Haynes 25 showed low strength but good

ductility at high test temperatures. The Haynes 25 showed a high

tendency for microstructural instability in the 1200°F range and

would be expected to show further degradation with additional

thermal exposure. Inconel alloys appeared adequate, based upon

the best combination of strength and ductility at high tempera-
tures.
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"4 3.4.3.1.3 Compatibility with Coatings

A Limited thermal exposure tests were performed on the only

two coatings [NASA fluoride and Kaman Cr2 03 (DES)] expected tc
I display possible chemical incompatibilities with substrate

alloys. These results (presented later in Section 3.4.3.2)

indicated an incompatibility of the fluoride coating with the

stainless steels and HS-25 but not with the Inconel alloys.

3.4.3.1.4 Selection of Final Alloys

For shaft applications (both wear rig and full scale journal

and thrust bearing rigs) Inconel 718 was the primary selection

with Inconel X-750 and HS-25 as acceptable substitutes. Inconel

SX-750 was specified for foils, and Inconel 718 and HS-25 were

adequate substitutes.

3.4.3.2 Coatings

Various coatings were applied to substrate alloys and evalu-

ated for resistance to long term thermal exposure. Selected coat-

ings were all expected to show good wear and/or lubrication

qualities but their thermal behavior remained to be established.

Behavior of the selected coatings in the 1200*F temperature range

V was evaluated by the tendency to spall, oxidize or deteriorate in

static thermal exposure tests. Other criteria used to accept or

reject coatings were integrity and surface finish.

The selected coatings are tabulated in Paragraph 3.4.2.2.

All candidate shaft coatings were applied to Inconel 718 bar

stock, ground tc final diameter and finish, inspected, and sub-

jected to thermal tests. Foil coatings were applied to several

foil alloys, inspected, and subjected to thermal testing.
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3.4.3.2.1 Inspection of Coated Materials

Three groups of coated foils and/or shafts received from

Union Carbide Corporation, NASA Lewis Research Center and Kaman

Sciences were visually examined. The five UCAR coatings appeared
well bonded and adequate for thermal testing. NASA (Ba,Ca)F 2

coating appeared to be well bonded to all alloys but considerable

foil distortion was observed. Kaman coatings (Figure 69) also

were well bonded and the foils with thin coatings (nominal 0.5

mils) exhibited only slight distortion, whereas the thicker coat-
ing (nominal 2.0 mils) promoted considerable distortion. Of

these three groups of coatings, the Kaman coatings appeared the

best, although they were expected to be subject to some cracking

and spalling due to coating thickness.

A supply of sputter-coated Inconel X-750 foil was procured

(Figures 70 and 71) to provide one set of bearings of each of i2

coatings for materials wear rig testing. Additional material
also was avai.lable for preliminary laboratory evaluations (thermal

exposure, bend tests, adherence tests and high resolution micro-

scopy). Most of the sputter coatings had good adherence except

for TiN, Si 3 N4 , and gold overcoat on the TiB2 . A variety of de-
fects was observed among the sputtered coatings including evi-
dence of poor cleaning of the foil prior to coating (Figure 70A),

lack of coating adherence (Figure 70B), and target imprint image

(Figure 71, A and B).

3.4.3.2.2 Thermal Exposure Testing

Several coated foil and bar samples were exposed to 1200*F
air for a period of 514 hours and then to approximately 100

cycles of alternatei heating and cooling between 300OF and 1200*F

(rapid rates). Coatings evaluated were:
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Figure 69. Kaman Sciences Corporation Ceramic Coated
Samples. Foils at the Top Were Coated with
DES Coating (Pure Cr203), Thickness: 0.5-
Mil. Bottom Foils and Bar Were Coated withSCA Coating Cr20 -Al203-SiO2 Thickness:

2-Mils.
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Figure 70. Sputter Coatings Applied to Inconel X-750
Foil (CCr 3C2, 0r0,Cr2O3 +A 2 3

Cr2Q3 One Side and Au on Reverse Side, and
Si3N4).
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Figure 71. Sputtered Coatings Applied to Inconel X-750I Foil (TiB2, TiB2 with Au Overcoat, TiB2 with
CaF2 Overcoat, TiC, TiN, and Tribaloy T-400).
Defect Patterns at Arrows Caused by Target

Imprint Image Occurring During Sputtering.
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(a) Thick coatings (1 to 5 mils) on Inconel 718 bar;

Tribaloy-400, Metco 45VF, Kaman SCA, UCAR LC-9,

UCAR LC-lC, UCAR WT-l, UCAR LW-5, UCAR LW-I,
NASA (Ba,Ca)F 2 , Co and NiCo Electroplate.

(b) Kaman DES (thin coating) and NASA (Ba,Ca)F 2 (thick

coating) on several foil alloys; 304L and 446

stainless, Inconel 718 and X-750 and Haynes 25.

(c) Control alloys; included Inconel 718 bar and the
alloys listed in (b).

Results of thermal exposure in 1200*F air for 500 hours are
shown in Figure 72 and indicate that three coatings (UCAR WT-I,
LW-I, and LC-9) should not be used. Thermal cycle tests indi-

cated that UCAR WT-I and LC-9 coatings did not perform well (Fig-

ure 73L. Visual examination of all samples showed spalling for
the LW-I, LC-9, and LC-lC coatings and oxidation of the NASA
(Ba,Ca. F2 composition. The remaining coatings were all consid-
ered acceptable for long term 1200OF use in foil bearing appli-
cations.

The Kaman and UCAR coatings all showed good bonding after

exposure and no indication of detrimental coating-to-substrate

interactions (Figure 74). However, the (Ba,Ca)F 2 coating did

Sshow interactions with substrate alloys, particularly the stain-
less steels and Haynes 25. Metallographic examination indicated

two phenomena occur with thermal exposures of increasing time;
(1) the (Ba,Ca)F2 coating increases in thickness (0.3 mils to
0.8 mils) and (2) the base metal develops an increasing reaction

zone (Figure 75). This reaction was considerably reduced when
the coating was applied to Inconel alloys, which were therefore

the preferred choice for use with fluoride coatings.
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TRIBALOY 400, METCO 45 VF,
KAMAN DES AND SCA, LC-lC, LW-5,

+10 ,,LW-I, NASA(Ba,Ca)F 2

V 0

-10
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-20 _
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H

-40
0 50 100

THERMAL CYCLES (300-F TO 1200-F)

Figure 73. Influence of Thermal Cycling on Weight of Several
Coated Samples
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Figure 74. Typical Appearance of Coatings After Long Term
Exposure (800 Hours) and Thermal Cycling (100
Cycles) at 12000F. Coating is Kaman SCA.
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3.4.3.2.3 Coating Surface Evaluation

Several coatings were evaluated by scanning electron

microscopy (SEM) for surface degradation subsequent to heat

treatment at 1200OF for 260 hours and after deformation by bend-

inc about a 1/8-in, diameter mandrel. Most of the coatings were

sputtered materials (Table 9) but two thick coatings also were

evaluated (NASA Fluoride and Kaman DES). The primary objective

was to evaluate cracking severity in various coatings, and how

it was influenced by heat treatment in order to anticipate dif-

ficulties during fabrication of foils for wear rig testing.

All coatings cracked after the severe deformation bend as

typically shown by Figure 76 (illustrations of the other examined

coatings are compiled in Appendix A). The crack interval (average
distance between cracks> for each coating in the as-coated and in

the heat treated conditions (Figure 77) indicated several trends:

o Most coatings showed improved ductility after heat

treatment, the exceptions being TiB2 , Til and Si3 N4

o The best ductility coatings were (Ba,Ca)F 2 , TiB2 ,

Cr2 03 , B4C, and Tribaloy-400.

o When coating thickness was considered, the fluoride

was extremely ductile and the Kaman DES became

equivalent to the best sputtered thin coatings.

o Two coatings, TiN and Si 3 N4 visually showed spalling

associated with sputtering difficulties and therefore

were not excluded from future consideration.
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FIGURE 77. Comparison of Cracking For Various Coatings on 0.006-In.
Thick INCONEL X-2I0 Foil Bent Around A 1/8-In. Diameter
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Several coatings also showed surface structural changes

independent of cracking As A rdsult of therm~'al exposure (Figure

76). These changes included grain growth, crystallization (Fig-Fl ure 76, arrows), coating homogenization and surface roughening,
resulting from relatively high temperature and long time exposure,
and would be much less for short time rig tested foils.

Coatings that did not form deleterious surface growths

(Appendix A) and therefore are considered stable for long term

use included:

(a) TiB2

(b) TiC

(c) B C
(d) Si 3 N4

(e) CrO3 (sputtered or Kaman DES)

Sf) Tribaloy-400

Surface roughening may dcegrade frictio:n and wear behavior,

and therefore may serve as criteria for rejecting the following

coatings:

(a) Cr 2 0 3 + AI 2 03

(b) TiN

(c) Cr 3 C2

(d) CaF 2 overcoat on TiD2

(e) Gold overcoat on TiB2

3.4.3.3 Selection of Materials for Wear Rig Evaluation

The more promising materials for further testing in the wear

rig are listed in Table 10 and show a wide range of promising

qualities for high temperature wear resistance and lubrication.
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TABLE 10

MATERIAL SELECTIONS FOR WEAR RIG TESTING

Est. Max.

Temp. Coating
Capability Application

Component Material ( 0 F) Method

Shafts Inconel 718 1200 --

HS-25 1200 --

Foils Inconel X-750 1200
HS-25 1200

Shaft HS-25, Oxidized, not >1200 --
Coatings coated

NiCo (60 to 80% Co), Ox. ,.1200 Electroplate
Tribaloy-400, oxidized "-1200 Plasma Spray

T UCAR LW-5, (W,Cr)C-NiCr >1200 "D-gun"

Kaman SCA, SiO2 + >1300 Sintered slurry
Cr20 + Al 0
2 3 2 3

Foil HS-25, oxidized, not >1200
Coatings coated

NiCo, oxidized "'1200 Electroplate
Kaman DES, Cr23 >1300 Sintered slurry
(Ba,Ca)F 2 , NPI <1200 Sintered slurry
(Ba,Ca)F 2 -silicate "'1200 Sintered slurry

NASA
Teflon-S n-550 Baked slurry

I Tribaloy 400 -v1200 sputtered
TiB2  >1200 Sputtered
TiB2 +Au overcoat <1200 Sputtered

STiB2 +CaF 2 overcoat <1200 Sputtered
Cr 2 03  <1200 Sputtered
Cr 2 03 +AI 2 03  <1200 Sputtered
TiC >1200 Sputtered
B4C >1200 Sputtered

Cr3C2 <1200 Sputtered
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All materials that had displayed reasonable temperature capabili-

ties (greater than 800*F) are included, as well as Teflon-S, which
was the baseline coating material. Several materials were elim-

inated from further study:

(a) UCAR coatings LW-I, WT-I and LC-9 dropped due to inade-

quate 1200OF temperature capability.

(b) UCAR coating LC-lC dropped due to 1200OF degradation of
surface of the similar sputtered Cr C coating, which

is the hard constituent of the LC-lC coating.

(c) Metco 45VF dropped due to poor surface finish that may
be related to plasma spray technique rather than the

coating composition.

(d) Sputtered TiN and Si N were not tested due to spalling
of the coating. TiN also showed surface growth struc-

tures.

Spalling of item (d) coatings was associated with the sputtering
technique, and improvements could be made. On this basis it
would be recommended that Si 3 N4 be considered for future testing
as a high temperature wear coating.

3.4.3.4 Materials Screening Summary

Metallurgical evaluations were conducted on several alloys
for use either. as rotating shafts or journal foils and on coat-
ings for use on both bearing components. Shaft alloy selection

was limited to three alloys (Inconel 718, Inconel X-750, and
Haynes 25) with Inconel 718 selected for wear rig shafts. Foil
alloy candidates were selected from a variety of stainless steels

(300, 400 and precipitation hardening grades) and superalloys
(Ni, Co and Fe base). Tensile testing (to 1300*F) and long term
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thermal exposure tests (at 12000 F) selected Inconel X-750 for

wear rig foil fabrication with Inconel 718 and Haynes 25 accept-
)i able substitutes.

Twenty-four materials were evaluated for use as wear/

lubricative coatings on shafts and foils. Sixteen coatings were

chosen for further wear rig testing on the basis of resistance
|1 to oxidation at 12009F, fracture characteristics upon bending,

surface finish, bonding quality, and fabrication requirements.

"The better coatings, having desirable qualities in the above

categories, included Kaman DES and SCA, TiB2 , TiC and B4 C.

3.4.4 Materials Wear Rig

3.4.4.1 Wear Rig Design

A high temperature materials wear test rig previously used

for company funded foil bearing studies, was modified to increase

af.d improve its capabilities for this program. The modified rig,

shown schematically in Figure 78, included the following perti-

nent features:

(a) Inertia Capability - An inertia section was added to

the drive train to simulate engine start-up and shut-

down behavior. The section could be varied from an
inertia of the normal rotating parts (no inertia
weight added) through two intermediate values to a

maximum inertia nearly double the expected engine
value (Ip = 0.35 in-sec 2).

(b) Power Turbine - A larger power turbine was incorpor-

ated in order to obtain sufficient acceleration of

the bearing shaft and inertia weight. High acceler-

atioz were required in order to ensure foil lift-off

before excessive frictiopal heating occurred.
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(c) Torque Sensing - The torque sensing system was modified

to gain better sensitivity. A low speed motor (100-

200 rpm) was incorporated to allow constant contact

conditions for evaluation of friction from torque data

under reproducible conditions.

(d) Shaft Design - A four-segment hollow shaft replaced a

single solid shaft. This allowed thermal conditions

approximating a hollow engine shaft. The segmented

design was incorporated in order to replace a single

section when it became unusable, without replacing

the entire shaft assembly.

S(e) Soak Back Heater - An electrical resistive coil heater

surrounding the shaft in one location was incorporated

to simulate turbine heat soak back and its influence

on bearing performance. The heater was placed between

z the two bearings on the end opposite the turbine drive.

The wear rig, installed in a high temperature oven, is shown

in Figure 79 with the slow speed motor engaged with the high speed

turbine. Component placement is illustrated in Figure 80. Drag

torque measurements were made during all rig tests by sensing the

frictional force exerted on the bearing carrier housing by the

rotating shaft.

Bearing assembly temperatures were measured at end capscrew

locations on two of the bearing housings (Figure 80). This loca-

tion nearly 1/4-inch away from foils, was the most appropriate

since anchoring thermocouples directly to the foils was detri-

mental to foil performance. As a result, no direct temperacure

measurements were made on foils where peak temperatures would

occur as a result of frictional heating.

3.4.4.2 Fabrication of Wear Rig Foil Bearings

Wear rig bearing components fabrication followed the sched-

ule described in Paragraph 3.4.2.3.2. Some components, however,
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required special processing because of the coating applied and

the compatibility of the thermal treatments given the coating and

the alloy substrate. These special processes are described in

Table 11.

Foil bearings tested in the wear rig were of the same con-

figuration, but smaller than those for the large journal bearing

rigs. Wear rig shafts were 2.0-in diameter and foils were formed

to a 1.45 +0.05-in radius of curvature. The sway space (measured

diametral clearance with the shaft inserted) was typically 0.010-

in. but varied depending upon the thickness of foil coatings

which ranged from near zero to 0.002-in.

3.4.5 Materials Wear Rig Testing

3.4.5.1 Test Approach

The wear test rig (Figure 79) was capable of being turned

by hand, driven by a slow speed electric motor (157 rpm), or ac-

celerated to high speeds (20,000 rpm or above) by an air turbine.

This provided the desired flexibility to monitor bearing wear and

torque response from test to test.

The shaft, with its appropriate coating was supported in

four foil bearings (eight foil segments each), also with coated

surfaces. The middle two bearings were contained within a hous-

ing, connected by cable to a load cell to measure bearing friction

torque. This torque was a function of the friction coefficient

between shaft coating and foil coating, the applied load on the

bearings and the contact (spring) load imposed by each foil

against the shaft. The friction coefficients for several coating

combinations were measured (Section 3.4.5.6) and found between

0.08 and 0.23, the applied load was 8 pounds (1 psi on the center

two bearings) but the contact load could not be measured and

therefore the actual load of the foil against the shaft could not

be determined. The load cell signal was transmitted to a chart

recorder calibrated in inch-pounds of torque. The amount of

friction torque developed between foils and the rotating shaft

160

li



r~

"TABLE 11

SPECIAL FABRICATION OF WEAR RIG BEARING COMPONENTS

Component Coating Processing

Shafts HS-25 Machine coated surface final and
Tribaloy-400 then oxidize at 1000°F/2 hrs

Shaft NiCo Lap coated surface and then oxi-
dize at 800°F/2 hrs

Foils HS-25 Oxidize at 10001F/2 hrs

NiCo Do not oxidize due to distortion

(Ba,Ca)F 2  Lap lightly with 600 grit or2 •finer after coating

(Ba,Ca)F 2 - Lap lightly with 600 grit or
Silicate finer after coating

1
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could be measured at all times whether the rig was turbine-driven

or hand-turned (or at elevated temperature.) Torque served as

the primary measurement to evaluate coating performance over the

70 0 -1200OF temperature range. Visual and microscopic examina-

tions were used to evaluate wear behavior.

•I The initial approach used for testing coated foils against

I coated shafts was later modified due to wear rig performance

problems (discussed in Paragraph 3.4.5.2). The initial sequence

of events for slow speed tests was as outlined below:

(a) Build bearing section with set of four coated shaft seg-

ments and four sets of coated foils.

(b) Measure sway space in bearing section.

(c) Assemble rig and install in oven.

(d) Make room temperature torque measurement while rotating

shaft by hand. A torque wrench was used, which would

read torque of all four bearings while the load cell in-

dicated torque only on the center two bearings.

(e) Rotate shaft at 157 rpm for 10 minutes at each test

temperature (room temperature, 400 0 F, 800 0 F, 1000 0 F,

and in some cases, 10800 or 1200 0 F). Center bearing

torque and temperature were monitored continuously.

(f) Hand torque measurements also were taken after each ele-

vated temperatufe run as well as at room temperature

after the final run.

The above approach was later modified (after Test 15) to run

for less than 10-minute periods, due to test rig difficulties,

(described in Section 3.4.5.2). Test temperatures above 1000°F

also were abandoned because of these difficulties.
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High speed testing approach was very similar as outlined

below:

(a) Bearing section build with coated components

(b) Sway space not measured but was calculated

(c) Install bearing section in rig and oven.

(d) Make room temperature, hand-driven torque measurement.

(e) Run shaft, using turbine drive to reach foil lift off.

Lift off occurs when hydrodynamic forces separate foils
from the rotating shaft. Torque therefore starts high

and as speed approaches lift off, torque gradually

drops to a low level.

(f) Shut down turbine drive air supply and allow shaft to

£ decelerate, touch the foils, and stop. Torque again

will rise upon touchdown.

(g) Repeat Steps (e) and (f) to give desired number of

start/stop cycles to complete test.

(h) Hand-driven torque measurements taken at conclusion of

testing.

The above procedures allowed reai-time monitoring of bearing

coating performance or degradation. As a result, teardown in-

spections of bearings after each test condition change were

eventually discontinued and testing proceeded much faster and

with less influence from teardown damage.
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3.4.5.2 Wear Rig Performance Difficulty

Premature wear of foils and higher than normal torque values

indicated changes in wear rig performance, especially at tempera-

tures near 600OF and above. This prompted a re-evaluation of rig

dimensional integrity, which indicated a localized 50 percent re-

duction of sway space (0.006 inch) at room temperature. The in-
creased torque values were therefore attributed to distortion of

the bearing housing and components caused by thermal cycling

particularly due to a test at 1200OF (Test 13). This distortion

appeared to increase with higher temperature (>600 0 F), resulting

in higher than actual torque values at elevated temperature.

Therefore, torque values for tests conducted after Test 13 are

believed to be higher than actual, reflecting the influence of

rig misalignment. This condition was not full' realized until

after Test 26, whereupon test durations of ten minutes were re-

duced to near 10 seconds to minimize bearing wear.

3.4.5.3 Wear Rig Low Speed Test Results

Thirty-nine slow speed tests were conducted with a summary

of torque values compiled in Appendix A. Real-time torque mea-

surements were obtained at various temperatures for the foil vs

shaft coatings indicated in Table 10. Five shaft coatings were

evaluated by running against Teflon-S coated foils. Data is sum-

marized in Table 12 according to best performance at the end of a

10-minute run at room temperature. Of the five shaft coatings,

NiCo (oxidized or unoxidized), HS-25 (oxidized), Tribaloy-400

(oxidized), and Kaman SCA appeared satisfactory. NiCo (oxidized)

and Tribaloy-400 (oxidized) were the best when 400OF torque values

were considered. This data also indicated Tribaloy-400 friction

characteristics were improved by heat treatment to form an oxide

surface layer (Tests 3b and 3a) whereas NiCo did not benefit by

oxidation of the surface (Tests 2c and 2b).
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TABLE 12

TORQUE MEASUREMENTS FOR VARIOUS SHAFT COATINGS RUN AGAINST
RUN AGAINST TEFLON-S COATED FOILS*

Bearing Torque (in.-ib) j
at 157 rpm**

Room Temperature 400oF

Test After After
No. Shaft Coating At Start 10 min At Start 10 min

2c NiCo (not oxidized) 11 14 3 9
S2b NiCo (oxidized) 13 15 6 5

1 HS-25 (oxidized) 13 15 11 14

3b Tribaloy-400 (oxidized) 12 17 4 5
•"8 Kaman SCA 13 20 12 9

9 NiCo (oxidized) *** 30 21 25 11

7 UCAR LW-5 + gold
overplate 23 34 17 16

4a UCAR LW-5 24 42 -- --

3a Tribaloy-400 (not
oxidized) 70 ---

V- *Ranked according to room temperature torque after 10-min run.
"**Torque values corrected for wear of Teflon over 11 tests.

***The NiCo coated shaft had been run a total of 60 min prior to
this test, shows effect of wear on torque (compare to Test 2b).
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Only the UCAR LW-5 shaft coating was rejected by this

testing (Test 4a) and efforts to improve its performance by ap-

plying an electroplated gold layer promoted only a modest decrease

in torque.

Foil coatings were evaluated by running against one of three

coated shafts, Kaman SCA, NiCo and Tribaloy-400. Results of

these wear rig tests are plotted in Figure 81 with the better/

coatings shown first. These foil coatings are cle •sified accord-

ing to lowest torque values at all temperatures, as follows:

Best Moderate Por

S • Kaman DES C3 C2  (Ba,Ca)F 2

Cr20 + Al 2 03  TiB2 + Au overcoat Tribaloy-400

TiB2  Cr 2O3  HS-25 (oxidized)

TiC B4 C (Ba,Ca)F 2 .Silicate

Several coatings were not evaluated in the wear rig as

planned due to a variety of problews. These included the electro-

plated NiCo (ccating too thick for rig tolerances) and sputtered

TiB2 with CaF 2 Gvexcoat (used as a partial setup in another test

that degraded the foils).

Visual examination of foiIs and shafts (Figure 82) subse-

quent to wear rig tests provided only a crude appraisal of rela-

tive wear resistance since a wide range of test ti-ies and condi-

tions were used. Tests were divided into three categories: long

term (gieater than 20 minutes total running time from all tempera-

tuxes), medium time (3 to 6 minutes total running time) and short

time (0.1 to 1.1 minutes total time). Coatings were ranked

according to wear appearance (wear appearance rank categories are

shown in Figure 83 and Table 13). A limited assessment may be

made by comparing coatings within the test time categories but

due to the varied test times and rig misalignment difficulties
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fi~gure 82. Typical Appearance of Wear Rig Shaft and
Foils After Testing. Center Two Bearing
Groups Were Evaluated for Wear Appearance.
B4C Coating on Foils and Tribaloy-400

Coated Shaft Segments (Test 27).
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SPUTTERED SPUTTERED SPUTTERED

B4C TiC TRIBALOY-400

-_ !~

SPUTTERED OXIDIZED SPUTTERED

Cr 2 3 +A1 2 03  HS-25 TiB2 +Au OVERCOAT

WEAR APPEARANCE RANKING SCALE: "A" RANK
IS BEST WITH LOWEST WEAR, "F" IS WORST.

NOTE WEAR SCARS AT ARROWS.

Figure 83. Foil Bearing Wear Categories.
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TABLE 13

WEAR APPEARANCE OF COATED FOILS EVALUATED
IN WEAR RIG TESTS

Total
Test Visual Wear on

Foil Test Time Shaft Center Two Bearing
Coating No. (min) Coating(s) Foils Rank*

Long Time

(Ba,Ca)F 2  23 49 NiCo, Kaman Light to moderate

TiB 10 24 NiCo Moderate C

(Ba,Ca)F2

Silicate 15 23 NiCo Moderate C

Kaman DES 19 65 Kaman,
Tribaloy Poor D

HS-25 (ox) 11 40 Kaman,
Tribaloy Poor E

TiB + Au 24 17 NiCo Severe F

2

Medium Time

TiB2 + CaF2 21 6 Kaman SCA Moderate C

Cr 2 03  25 3.5 Tribaloy Moderate C

Short Time

B 4 C 27 0.4 Tribaloy Light A

Cr 3C2 36 <0.1 Tribaloy Light A

TiC 35 0.4 Tribaloy Light to moderate B

Kaman DES 32 0.6 Kaman SCA Light to moderate C

Tribaloy 30 0.1 Kaman SCA Light to moderate C

Cr203 29 1.1 Tribaloy, Poor D
Kaman

Cr2 0 3+Al203 37 0.3 NiCo Poor D

*Rank according to A, B, C, D, E, and F levels with A the best and
the only wear level that could be considered acceptable in a production
situation.
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described earlier, comparisons between groups could not be made.

In other words, the poorest short time coating (Cr 2 03 + AI 2 0 3 )

may be a better coating than the best high time coating
[(Ba,Ca)F 2 ] due to rig misalignment imposing locally concentrated
loads (this situation would be valid when comparing Tests 1-12

with Tests 13 through 37). Additional metallurgice'l evaluations

of tested shafts and foils are contained in Paragraph 3.4.5.5.

Within each time category, the best wear resistant coatings

appear to be (Ba,Ca)F 2 , TiB2 , and B4C However, this appraisal

had only a mirnor influence on selection of coatings for the
journal and thrust rigs and on definition of the best program

coatings.

3.4.5.4 Wear Rig High Speed Test Results

The better coatings from low speed testing were to have been

subjected to high speed wear rig testing. In part, this was done
as shown in Table 14, Test 19, where Kaman DES was run against

Kaman SCA for several start/stop cycles at room temperature with

no sign of degradation. This performance was extremely encourag-
ing but the test was performed only to check out high speed oper-

ation of the rig and was not continued for estimates of higher

temperature performance or endurance as were eventually contem-
plated. Test 20 was run using the Teflon-S baseline foil coating

for comparison to the Kaman coating and Teflon-S showed, as ex-

pected, superior low torque behavior. Foil lift-off from the

shaft (observed by the torque dropping to zero) was near 11,000
rpm for both test setups. Only minor temperatu_-e rises (5'F)

were observed at the foil housing position compared to 100 to
15 0 F temperature gains observed during low speed, constant con-

tact tests.

Near the end of the test program, only a limited number of

coated foils were in acceptable condition for additional high
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speed testing. These were incorporated into Tests 34 and 38

(Table 14) and results were extremely poor as foils were capable
&I of only one start/stop cycle due to severe wear (Figure 84).

The high wear is not, however, attributed to the material selec-

tions but was caused by rig misalignment (Paragraph 3.4.5.2) im-

posing high local stresses as well as longer rubbing in local

areas, evidenced by torque not falling to a low level until

speeds near 13,000-20,000 rpm were attained.

Early high speed wear rig tests demonstrated that the

selected materials were capable of surviving several cycles of

high speed contact with only minor wear and friction increases.

The final wear rig test (No. 38) resulted in damage to the test

rig that would have required time consuming repairs. Since only

one set of foils (Kaman DES) was available for testing and

because additional high speed testing results would not alter

materials selection for thrust and journal rigs, further high

speed testing was not undertaken.

3.4.5.5 Metallurgical Evaluation of Wear Rig Materials

Several specific materials and problems associated with wear

rig testing were investigated and are described in the following

paragraphs.

3.4.5.5.1 National Process industries (NPI) Fluoride Coating

Evaluation

As a result of apparent high torque measurements for the NPI

fluoride coating [(Ba•,Ca,)E 2 ], several areas of a coated foil sub-

jected to wear rig testing (Test 23) were examined by scanning

electron microscopy (SEM)- The NPI coating showed erratic surface

wear patterns,- and several polished and rough are-F, .1 shown in
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Figure 84.. Coated Snaft (NiCo) and Foils (Sputtered Cr 0 +Al 0)
After High Speed Test 38.23 23
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Figure 85. Unworn areas were typified by varied surface contours,

small voids, and some cracking (Figure 85, a and b). Smooth wear

areas (c and d) showed a high percentage of smooth surface, while

rough wear areas indicated only intermitte.nýt occurrence of surface

smoothing (f, arrow). The presence of both smooth and rough coat-

A ing wear areas on the same foils was attributed to wear rig char-

acteristics rather than compositional or surface contour differ-

ences in the coating.

Several microstructural features shown at the arrows in

Figure 85(d) were electron probed to determine elemental con-

stituents. Analytical results are summarized in Table 15 and

indicate the light colored areas are primarily Ba, while the

*. dark areas contain high amounts of Ca. There were local concen-

trations of these areas in the microstructure but these could

not be correlated to wear patterns. No abnormal areas believed

to be deleterious to wear or friction behavior were observed,

other than some that would benefit by an improvement in surface

finish.

3.4.5.5.2 NASA Fluoride Coating Evaluation

The NASA fluoride coatings (Figure 86) appeared rougher than

NPI coatings (Figure 85), and SEM examination indicated this

roughness was due primarily to nodular appearing growth forma-

tions on the surface (Figure 86; a, c, and e) during the coating

process. These nodular growths appear resistant to smoothing

during bearing operation.

A The NASA coating was subjected to a long term thermal ex-

posure (1200OF-1300 hours) and also examined by SEM. Structures

shown in Figure 87 suggest that surface features are altered (to

a possible damaged condition) by this thermal exposure.
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4 TABLE 15

SUMMARY OF ELECTRON PROBE MICROANALYSIS
OF NPI AND NASA FLUORIDE COATINGS

Coating* Description Composition

NPI-Sl Smooth Dark Area Major Ca; Minor Ba and Si

NPI-S2 Smooth Light Area Major Ba; Minor Ca,Si and Mg

NPI-S3 Smooth area Major Ca and Ba (Ca:Ba/2:l);
Eutectic, Dark Phase Minor Si and Mg

NPI-S4 Smooth area Major Ba; Minor Ca;
Eutectic, Light Phase Trace Si

NASA-S5 Oxidized**, Major Ca, Ti and Cr;
Blocky Particle Minor Ni; Trace Fe, Al and Si

NASA-S6 Oxidized**, Major Ca, Ba, and Cr;
Round Particle Minor Si, Ni and Fe

NASA-S7 Oxidized **, Major Ca and Ba;
General Coating Minor Cr, Si, Ni, Fe and Al

*NPI- (Ba,Ca)F 2; NASA- (Ba,Ca)F 2 "CaSiO3 -CaO

**12000 F for 1300 hours in air.
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SMOOTH LIGHT COATING (Sample d) ROUGH DARK COATING (Sample e)

i

(a) UNWORN AREA 300X (d) UNWORN AREA 300X

(b) WEAR AREA 300X (e) WEAR AREA 300X

C) WEAR AREA 1500X (f) WEAR AREA 150oX
Figure 86. Typical Appearance (SEM) of NASA Fluoride Coating

[(Ba,Ca)F 2 *CaSiO3 .CaO] in Smooth anQ Rough Areas.
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(a) 300X (b) 12, QOOX

UNEXPOSED

(c) 30OX (d) 12,OOOX

THERMAL EXPOSURE

Figure 87. Appearance of NASA CaSiO3 Modified Fluoride Coating
Before (a and b) and After (c and d) Thermal Exposure
at 1200OF for 1300 Hours.
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Two specific microstructural features, as well as the gen-

eral thermal exposed material (Figure 87d, arrows), were electron

probed for composition as summarized in Table 15. Of particular

interest is the presence of titanium in the blcck-type particles

(analysis S5). Chromium is also high, but is suspected as a con-

taminant vaporized from the Inconel-718 support tray used to

contain the thermal exposure samples. Several other elements

appear in the analyses (Ni, Fe, and Al) that are not primary con-

stituents of the coating, but their influence on friction and wear

was not assessed.

3.4.5.5.3 Blister Formation on Tribaloy-400 Coated Shafts

Wear rig shafts coated with plasma-sprayed Tribaloy-400 dis-

played surface blistering after repeated thermal cycling and rig

operations to 1000OF (Figure 68). Discussions with the vendor
(Plasma Technology Inc.) and scanning electron microscope (SEM)

evaluations indicate blistering was related to Ti, Al and/or Ca

contamination, which may have occurred from the grit blasting

operation used on the substrate alloy surface. Figure 89 illus-

trates the appearance of the blister fracture surface as viewed

by SEM. The dark area (bottom arrow) was analyzed and found to

contain alloy constituents (Co, Cr, 14o, and Si) and Fe present as

- a typical impurity.

The light "fluffy" appearing area (top arrow) showed the

presence of Ti and Al contamination in addition to the above.

Precautions to eliminate contamination were therefore implemented

by the vendor for coating the full scale journal rig shaft.

3.4.5.5.4 Generation of Oxide Coating on NiCo Coating

Samples of electroplated NiCo alloy (60 percent Co - 40

percent Ni) were subjected to a series of thermal exposures in

air to determine what temperature was required to form metal
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Ca) 1.liX

Cb) 6. 5X

Figure 88. Typical Appearance of Blisters on Surface of Plasma

Sprayed Tribaloy 400 Wear Rig Shaft Segment
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$ Ca') 20X

S.Si

2(b) 12,000 X

* ~Figure 89. Appe.arance cf Blister Area (a) and Area of Ti and Al
Contamination (b)
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oxides and what composition those oxides were. Exposures were

made at 200 0F, 4000 F, 500 0 F, 600 0F, 800OF and 1000OF for one hour

in static air. X-ray diffraction patterns of these samples were

obtained, as well as an unexposed NiCo sample. This analysis

indicated:

o Detectable Ni and Co oxide surface layers were formed

at temperatures between 600-800*F and above.

o Free nickel and cobalt metal appears to be decreasing

at temperatures of 600-800*F and above, coincident

with oxide formation.

Cobalt-containing coatings, which depend upon the formation

of cobalt-oxide for some lubricity and wear resistance (NiCo,
HS-25 and Tribaloy-400) require 800'F or higher temperatures for

either preoxidation or oxidation during operation.

3.4.5.6 Friction Measurements

Measurements of the coefficient of friction were made for

several coating combinations using the experimental set-up shown

in Figure 90. Coefficients are summarized in Table 16 in order

of the lowest to the highest. Most coefficients were near that

4' of Teflon (0.13) and therefore indicate these coating combina-

tions may be equivalent from that aspect (realizing that this

test was conducted under ideal conditions at very low surface

speeds, and not at elevated temperatures). Significant observa-

tions from this Table as well as other data not presented are as

follows:

(a) Several coating combinations were superior to

Teflon or Kaman DES coatings (TiB or B4C).
2 4C8
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Figure 90. Experimental Setup for Coefficient of Friction •

(Cf Measurements (Cf F/W)
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TABLE 16

MEASURED SLIDING COEFFICIENT OF FRICTION

STATIONARY SLIDING COEFFICIENT OF FRICTION (10# LOAD)
MATERIAL MATERIAL
COATING COATING BREAKAWAY SLIDI NG

B C B4C 0.08 0.08

TiB2  B4 C0.09 0.09

B C TiB2  0.09 0.09

TiB2  Gold 0.10 0.10

B4 C Gold 0.11 0.11

TiN Teflon 0.20 0.13

Cr 2 03  Teflon 0.18 0.13

Gold Kaman (DES) 0.13 0.13

Teflon Kaman (DES) 0.13 0.13

Teflon Teflon 0.18 0.13

Kaman (DES) Teflon 0.18 0.15

B4C Teflon 0. 19 0.17

B4 C Kaman (DES) 0.18 0.38

Gold Teflon 3.26 0.18

TiB2  Kaman (DES) C. 18 0.18

Cr 2 0 3  Kaman (DES) 0.18 0.18

TiB Teflon 0.23 0.192TiN Kaman (DES) 0.23 0.20

j TiC Kaman (DES) 0.22 0.22

Kaman (DES) Kaman (DES) 0.22 0.22

TiC Teflon c;rabs and Slips

o Accuracy of measurements: Cf -+0.03

o Sputtered coating's show slight dependency on th. ý.kness
(thinner coating has higher Cf)

o Some coatings exhibit break-in Cf reduction
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(b) Sputtered coatings appeared to show lower friction

coefficients than thicker coatings.

(c) Some coatings exhibited decreased friction co-

efficients after a "break-in" period.

(d) Load did not significantly influence friction co-

efficients until it was great enough to cause

degradation of the coating.

3.4.6 Materials Selections for Journal and Thrust Rigs

Several coatings for dry film lubrication at high tempera-

tures (800-1200 0 F) were evaluated. Specification of appropriate

coatings for the full scale journal and thrust foil bearing rigs

was based upon 1200OF oxidation resistance, wear rig dynamic

torque measurements of friction over the temperature range 700-

10000F, wear appearance, and sliding friction values.

This data indicated three coatings were acceptable for the

rotating component, with NiCo the best based upon drag torque

measurements against Teflon-S (peak values at room temperature)

as follows:

jo NiCo (14 in.-lbs.)

0 Tribaloy-400 (19 in.-lbs.)

o Kaman SCA (25 in.-lbs.)

All the above coatings were specified and used for the

thrust runner in the thrust bearing test rig. One high tempera-

ture coating (Tribaloy-400) was specified for the journal

bearing test rig shaft.
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Evaluations also indicated several foil coatings were

acceptable on the basis of oxidation resistance and friction be-

* havior:

0 B4 C " Sputtered 4

o TiB - Sputtered

o Cr 2 3 - Sputtered

o TiC - Sputtered

o Kaman DES - Slurry dip and fired

S0 NiCo - 2lectroplated

While the above coatings are listed in preferred order with

respect to oxidation resistance and friction behavior, Kaman DES

S-and NiCo were selected as foil coatings for both full scale rigs.

The sputter coatings were not selected due to low thickness, lack

of production experience, and high fabrication lead times.

Long term wear resistance was not considered in the above

foil coating selections because material evaluation did not pro-

vide adequate data on that aspect. However, all of the above

foil and shaft coatings displayed the required high temperature

and frictional characteristics necessary for foil bearing appli-

cations. Additional work should be directed toward improving

manufacturing and processing procedures for foil bearing appli-
cations.

3.5 Bearing Development and Testing

3.5.1 Foil Journal Bearing Development Tests

3.5.1.1 General

The journal bearing development testing can be characterized

as three general, sequential phases of activity. Each phase was

oriented toward the solution of a particular observable problem

with either test rig operation or bearing chiracteristics. Phase

A, which included Configurations 1-10 (refer to Configuration
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sheets included as Appendix B), was a sequence of tests designed

to eliminate a subsynchronous excitation situation that resulted

in several bearing failures. Phase B was initiated with the

testing of Configuration 11, the first to eliminate the previous

causes of failure. This phase continued through Configuration 18,

in attempts to successfully operate the test rig at the design

speed of 33,000 rpm. Conclusions reached from this test phase

were that the third critical speed (i.e., shaft bending mode) was

being excited at the higher operating speeds and that major rig

modifications would be required to proceed further. No failures

occurred during this phase and Configurations 11 through 18 were

all tested with the same bearing foils. The journal bearing test

rig was then reworked to shorten the bearing span by 6.0 inches

and thus drive the bending frequency so far beyond the maximum

operating speed that it could not be excited by bearing dynamics.

Phase C, therefore, represented the foil journal bearing develop-

ment program on the shortened test rig, with the sole intent of

developing a bearing with target load carrying capacity.

3.5.1.2 Phase A - Journal Bearing Development Tests

3.5.1.2.1 Eight-Segment Bearing Configurations

The eight-segment bearing configurations represented a direct

scale of the DC-10 ECS cooling turbine production bearing configur-
ation from a 2.0 inch journal diameter to the 4.5 inch journal
diameter size. Bearing arc length was set to achieve a 47.5 per-

cent overlap based on journal diameter. Bearing foil arc length

as a function of overlap is determined from the following rela-

tionship:

TD

L1N (1 % 0.L.)

4
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Whe re:

L = foil length in inches

D = shaft diameter in inches

N = number of foil segments

% O.L. = percentage overlap

Variation in overlap for a given geometry bearing affects the

unlapped length of the foil. Unlapped length and overlap are de-

picted schematically in Figure 91, which shows the journal fully

bottomed in the bearing. (Note: Figure 91 illustrates a theoreti-

cal condition only.)

JOURNAL
RADIUS

BEARING
X I CAR.' IER

RADIUS

Figure 91. Theoretical Foil Journal Bearing Overlap
Schematic.
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For a given foil thickness, reducing unlapped length

increases the foil bending strain required to achieve a fully

bottomed journal, thus increasing the final spring rate (i.e.,

spring rate at maximum load of the bearing. Figure 92 shows how

percent overlap can be varied to obtain a desired unlapped length,

given various numbers of bearing segments. Thus a bearing con-

figuration in which the number of foils is selected for bearing

stability, can have a desired final spring rate by proper selec-

tion of overlap.

Foil coating material used for initial test configurations

was OBD26-20, a derivative of Teflon-S, with approximately 75*F

higher temperature capability. The journal surfaces were origin-

ally plated with thin dense chrome, which on the turbine end

journal, was replaced by LW-lN-30 after an ezrlý, failure. Balan-

cing was achieved by machine balancing the shaft, thrust runner,

and drive turbine individually. Match marks on these three com-
ponents insured constant assembly orientation. Bearing geometry

for the first three configurations included 0.010 inch thick

foils with a 3.0 inch preform radius and 0.016 inch calculated

sway space. Calculated sway space (CSS) is defined as:

CSS = BD - JD-4t

where:

BD = bearing diameter in inches

JD = journal diameter in inches

t = total foil thickness (including coating)

in inches

and is a measure of the total available diametral clearance space.

Be:aring length-versus-diameter ratio (L/D) for all early test con-
figurations was 1.33. The parachute loader was installed for

the initial test work and three failures occurred. It was not pos-
sible to obtain design operating speed due to increases in the
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1. ..........

amplitude of subsynchronous shaft excursions with speed, until

either failure occurred or testing was terminated. Figure 93 de-

scr±bes the Configuration 3 failure. Configuration 1 incurred a

failure while decelerating from an unsuccessful attempt to reach

operating speed. Failure was attributed to unacceptable growth

of the second critical speed orbital amplitude.

As part of the normal development and diagnostic procedures

for this program, nonwynchronous whirl measurements, both subsyn-

chronous and supersynchronous, have been made. Frequency decompo-

sition of signals obtained from Bently probes, CEC vibration pick-
ups, accelerometers and strain gauges were obtained from a Spectral

Dynamics 330A spectrum analyzer. By passing the signal through a

series of narrow-band filters, input decomposition can be achieved

for a specified operational speed.

The so-called "mountain range" shown in Figures 93 and 94 is

generated by a series of frequency decompositions at specified
speeds. As speed is increased, the frequency decomposition is

displaced vertically and produces the frequency spectrum analysesii

for the entire speed range. Figure 94 is a mountain range acceler-

ation pattern observed on the GTCP36-50 APU rotor dynamics rig.

The pronounced diagonal line extending from the lower left to the

upper right in both photographs represents imbalance (one-per-rev)

response. To the left of this line is the subsynchronous excita-

tion, whereas the supers;ynchronous excitations are viewed to the
right of the imbalance -esponse line. The top photograph was ob-

taied from signal conditioning of a proximity probe located over

the compressor. The bottom photograph is an overlay of the top

photo and the modes determined by analysis. As shown, the excita-

tion of the first forward and backward modes proved most sensitive.

Difficulty in reaching maximum speed was encountred on some occa-

sions. For this example, a squeeze-film mount, located over the

compressor bearing was successfully used to reduce nonsynchronous

effects as well as to reduce bearing loads on the GTCP36-50 APU.
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A final configuration was run without the parachute loader

installed and was trim balanced to minimize the high speed unbal-

ance effects. It was not possible to reach design speed with this

test.

Five eight-segment bearings were tested in this first test

sequence with three bearing failures occurring. The maximum speed

attained was 32,500 rpm, with all configurations exhibiting shaft

excursions at frequencies below the 1/rev, excitation.

3.5.1.2.2 Six-Segment Bearing Configurations

Configuration 4 was established with a six-segment bearing,

0.010 inch thick foils coated with OBD26-20. The objective was

to increase bearing compliancy through the use of longer foils.

Subsynchronous activity was again observed in this test, with a

calculated sway space (CSS) of 0.021 inch. The next configuration,

with CSS reduced to 0.013 inch, resulted in a test bearing failure.

Attempting to improve performance through high speed trim balanc-

ing produced no better results, nor did the addition of a 9.0

pound mass at the test end of the shaft, intended to symmetricize

the bearing loading by simulating the mass of the turbine. The

final six-segment bearing test was an attempt to multi-plane

2 balance the shaft. Although balancing was accomplished, another

"9 failure occurred, again characterized by subsynchronous excursions.

All six-segment bearing tests were run without the parachute loader

installed, to avoid loader complicity in the test results.

Five configurations were tested during this test sequence,

with various amounts of sway space and machine, trim, and multi-

plane balancing. Tests resulted in attaining maximum speed of

30,000 rpm, two failures and a continuation of the subsynchronous

phenomenon.
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3.5.1.2.3 L/D = ]. Bearing Configurations

Several failures earlier in the testing were characterized by

bearing rubs in the center of the foils. It was therefore theo-

rized that the air film might have been pumped away from the bear-

ing midspan, starving that area and allowing the foils to contact

the shaft. Shortening the bearing length, while obviously lim-

iting bearing maximum load capacity, was thought to ameliorate

this presumed problem.

Configuration 9 was tested as an eight-segment bearing with

0.012 inch thick foils and 3.4 inch preform radius. Foil coating

was OBD 26-5 and shaft coating was electroless nickel. Both

thickness and preform increases were intended to increase bearing

stiffness to compensate for the reduced bearing length. The

result was a very tight bearing as measured by breakaway torque

(determined by slowly rotating the shaft with a torque wrench).

This tightness, together with the surface characteristics of the

J shaft resulted in almost instantaneous deterioration of the OBD

coating upon initial starting, and thus failure. This failure

terminated further use of electroless nickel as a shaft material,

and upon reviewing poor performance, also terminated the use of

the OBD type foil coatings. These coatings, while providing an

increase in operating temperature relative to Teflon-S, had dem-

onstrated a lack of tolerance to small rubs and a tendency to ball

up upon failure and thus increase the resulting damage level. The

failure of Configuration 9 is shown in Figure 95.

Because of the nature of the previous failure, another L/D

1.0 configuration was established. This test was unique in that

strain gages were attached to the back of two of the eight foils

to determine if foil flutter (aeroelastic instability) was ex-

citing the continually observable subsynchronous excursions.
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The strain gage installation is shown in Figure 96. The stainless

steel shim stock attached to the back of the foil was used to avoid

local bumps caused by the gages, and to reduce the bearing sway

space for these 0.010 inch thick foils. Testing again revealed

dangerous subsynchronous activity levels. Strain gages indicated

that foil flutter was neither a driving force for the low fre-

quency nor a consequence of that activity. No flutter of any kind

was noted.

3.5.1.2.4 Test Rig and Bearing Investigations

While it was believed that the problems experienced to date

had been a result of bearing operational characteristics, several

investigations of test rig assembly and operation were made. Di-

mensional checks were made or, the shaft-to-turbine pilot diameters,

orthogonality of the thrust runner, and airflow distribution with-

in the test rig. Figure 97 indicates the general coolant through-

flow characteristics of a static journal bearing. In order to

obtain this data the test rig was modified to provide bearing in-

let and exit pressure information. Subsequent to this modifica-

* tion, bearing pressure ratio was used instead of the coolant supply

line metering orifice to set coolant flow rate. Additionally,

the effect of the hydrostatically supported dynomometer upon bear-

ing characteristics was investigated. Several tests were run

either with the dynomometer physically )cked or with no hydro-

static air supply. Results showed that the bearing radial freedom

permitted by the hydrostatic support did not contribute to the ob-

served problem, nor did this support assist by acting as a squeeze

film damping mechanism.

Having ascertained that the rig could not be the cause of the

observed problems, the bearing characteristics exclusive of the

rig were investigated. Using a dummy shaft, a test setup as
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shown in Figure 98 permitted determining the load-deflection

characteristics of the various journal bearing configurations.

Figure 99 shows typical load/deflection data, in this case the

Configuration 27 bearing. Bearing test results are indicated in

Table 17.

In order to operate successfully, i.e., without subsynchron-

ous shaft activity, it appears that certain bearing character-

istics must be present. The data on the original eight-segment

bearing indicates a relatively stiff bearing at 1 g, one which

would not deflect appreciably under typical 1/rev unbalance condi-

tions. The unsuccessful six-segment ber-ings display this same

phenomena to a more extreme degree. Since stiffness prevents the

bearing from accommodating small excursions, intermittent rubbing

of the journal on the foils could take place during operation.

Instability experienced by hydrodynamic bearings during rub is

primarily subsynchronous in nature, which was observed during the

eight- and six-segment bearing tests. Thus bearing stiffness may

likely have been the cause of the failures.

As indicated, the 12- and 10-segment bearing configurations

exhibit a more modest spring rate, thus better accommodate the

1/rev unbalance. Operation of these configurations was without

subsynchronous activity. The 16-segment configuration, while ex-

hibiting an apparently acceptable spring rate, experienced a large

deflection. This bearing, designed to permit entry of film air

into the center of the bearing, is shown in Figure 100. This con-

figuration therefore appeared to be a risk, either because of the

initial softness or because of the large initial deflection,

leaving little remaining operating sway space.

It should not be construed that static spring rate of a given

bearing geometry is the sole determinant of operational stability.
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Figure 100. 16-Segment Bearing Design
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The test provides no information about resiliency of the support-

ing air film once the shaft has lifted off. Noi does it yield any

data about dynamic damping, a necessary parameter for shaft sta-

bility, which does not appear to be substantial in air bearings,

despite some foil-to-foil coulomb interaction. And finally, bear-

ing geometries that have exhibited acceptable spring rate charac-

A teristics have shown subsynchronous instability until sway space

was reduced by adding shims. The relationship between stability

and sway space for a constant spring rate bearing has not been

established.

3.5.1.3 Phase B - Journal Bearing Development Tests

3.5.1.3.1 12-Segment Bearing Initial Tests

Configuration 11 was the first bearing assembly using a 12-

segment foil geometry. Foil thickness was 0.012 inch with a 0.001

inch thick Teflon-S coating. Foil L/D was 1.33 with preform

radius of 2.9 inches. Calculated sway space was 0.023 inches with

the actual sway space measured at approximately 0.015 inch. Test

bearing journal coating was thin dense chrome with turbine bearing

journal coating of LW-lN-30. Several starts were made without any

incidents of subsynchronous activity, but as shaft speed increased,

orbital amplitude excursions increased to 0.00325 inches at 30,000

rpm at the test bearing. It was felt that the combination of low

operational sway space and some shaft unbalance was contributory
to the high excursions, so the bearing carriers were slightly

machined and the shaft trim balanced (one speed, one plane).

Measured sway space increased to approximately 0.020 inches but

this configuration (Configuration 12) exhibited orbits of 0.006

inch at 30,900 rpm. Bearing performance comparisons of the

6, 8, and 12 segment bearing including shaft whirl amplitude,

for those configurations where it was available, did not give

any insight to the reason for the test rigs inability to operate

at full speed. However, the 12 segment bearing being the

stiffest of the three was able to operate without failure and

thus permit an intensive investigation as to the cause of the

previous bearing failures.
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3.5.1.3.2 Aerodynamic Investigations

it was surmised that the problem preventing attainment of

design speed could be related to aerodynamic phenomena, speci-

fically Reynolds number effect on turbulence. Configurations 13,

14, and 15 were tested using carbon dioxide (C0 2 ), hot air, and

helium as coolants, respectively, in order to significantly

change coolant kinematic viscosity. No improvement was noted;

in fact, the pressure pulse transmitted to the bearing, upon open-

ing the high pressure helium bottle regulator, appeared to trigger

some short duration subsynchronous instability.

Configuration 16 was run with increased drive turbine c-lear-

ances to investigate the possibility that drive turbine vibratory

excitation was causing the bearing problems. Additionally, be-

cause the parachute loader was observed to have significant vib-

ratory response, both aural and visual, it was coated with 0.010

thick viscoelastic damping material. Several runs, with and

without the loader, and with loader side stiffener plates installed,

provided no improvement.

3.5.1.3.3 Shaft Bending Investigations

* One of the most important technical considerations in design-

ing reliable, high speed rotating machinery is the rotor dynamics.

All rotating equipment produces loading on its bearings and sup-

port structure due to the centrifugal loads encountered by the

rotating mass. These loads are generated due to centrifugal ef-

fects because the center of gravity of the rotor is not coincident

with the geometric centerline of the bearings. Although balancing

may re'uce the centrifugal loading, when rotation occurs, a peri-

odic excitation develops at a frequency equal to the rotor spin.

If the excitation frequency is equal to a natural frequency of
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the system, then a "critical" speed is encountered and large

excursions may be expected. Therefore, the severity of this par-

ticular critical speed is solely dependent upon damping and un-

balance, as the former can control the excursion limit at a nat-

tral frequency.

It is noteworthy that if the rotational speed equals the

natural frequency of the system, it may or may not be a critical

speed. To clarify, it is necessary to provide some definitions.

First, as the deformed geometric centerline of the rotor pre-

cesses (whirls) about the undeformed bearing centerline, a whirl

speed is defined. Second, spin speed is the circular frequency

of the rotation of the mass center about the geometric deformed

centerline. If the natural frequency produces a whirl in the same

direction as the spin, it is said to be a forward mode. A back-

ward mode is obtained when the whirl is in an opposite direction

from the spin. A critical speed occurs by definition, when the

unbalance excitation (spin speed) is equal in magnitude and dir-

ection to the natural frequency or when the rotational speed in-

tersects a forward mode. When the rotational speed intersects a

backward mode a natural frequency is encountered, but it is not

a critical speed as it is difficult to excite by unbalance. The

mechanisms that provide for the existence of both forward and

backward precessional modes are gyroscopic effects and specialized

bearing characteristics. Backward modes, although not easily

excited, may be severe and also produce substantial shaft excur-

sions.

Therefore, further investigations (Configurations 17 and 18)

incorporated orthogonal proximity probes in the center of the

shaft normally occupied by the parachute loader. The installation

is shown in Figure 101. By obtaining data from the existing two

sets and these additional probes, speed deformation characteris-

tics (Figure 102) were identified. As illustrated, shaft bending
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i

began at approximately 20,000 rpm, and became more pronounced

at 30,000 rpm. The rate of amplitude increased with speed as

shown by the roll-down of the test bearing 1/rev amplitude from

approximately 30,000 rpm below:

1 mil

0 500 1000

Hz

Data reduction confirmed that the system was operating in a for-

ward precession mode (precession and shaft rotation in the same

direction).

A rotor dynamics analysis review performed on this rig (Fig-

ure 103) showed that predicted critical speeds were acceptable for

operation at 33,000 rpm. To substantiate the analytic model,

a comparison was made of the experimentally determined free-free

modes, to those predicted by the rotor dynamics model. The re-

sults are shown in Figure 104, which demonstrates excellent

analytical/experimental correlation. Also, the two rigid body

criticals location confirmed by observation of rig low speed per-

formance, indicates two low-frequency modes at 60 to 70 11z, and

are the first and second natural modes of this system (Figure 105.j
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The most attractive method available to drive the onset of
bending well above operating speed was to shorten the bearing
span, thus increasing the bending rigidity of the shaft. The in-

fluence of span on critical speed is shown in Figure 106. Sho.:t- -
ening the shaft by six inches was selected to provide 140 percent

operating margin above the third backward bending critical speed.

It must be pointed out that the interrelationship between
the foil journal bearing operation and the shaft system rotor

dynamics is not completely ukiderstood. The apparent lack- of sub-

st.ntial bearing damping capability may contribute to higher shaft
orbital excursions than would be present with other types of bear-
ing systems.

3.5.1.4 Phase C - Journal Bearing, Development Tests

3.5.1.4.1 Twelve-Segment Bearing Configuration

The test rig was shortened six inches by remachining the

side plate mounting holes and the shaft was shortened by removing
six inches from the test end. The test bearing now covered three
rows of holes previously used to sapply air to the parachute loader.
These holes were plug welded. A new parachute loader' was designed
to accommodate the shortened rig, and incorporated changes both

[ •to increase its stiffness and to facilitate installation. In

addition to these changes, three proximity probes were installed
in the turbine end bearing carrier to observe relative chunges in

foil position.

Configuration 19 was assembled using the same 12-segment
bearing foils as had been used throughout Phase B. Because of
several reworks required to provide a good thin dense chrome
journal surface over the weld-repaired holes, the test bearing
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calculated sway space was 0.0295 inch. Initial tests showed

continued subsynchronous activity, which was modified somewhat

when the parachute loader was installed. Vibration in the para-

chute loader was minimized by aluminum viscoelastic damping tape.

Midplane probes confirmed that the bending phenomenon had been

eliminated. Shims were used to reduce the Configuration 20 test

end calculated sway space to 0.0215 inch and the rig was run to

a maximum speed of 34,000 rpm with no subsynchronous activity or

shaft bending noted.

Configuration 21 represented the development of the para-

chute loader. It had been observed that viscoelastic damping

tape modified loader vibration but sufficient vibratory energy

was present either to separate the adhesive bond or fatigue-fail

the aluminum. The final loader configuration is shown in Figure

107. The stainless steel wrap shown is used to maintain the

damping material in contact with the loader.

To ensure successful loader operation, the journal bearing

shaft was multi-speed/multi-plane balanced. This technique was

used to limit the shaft excursions in the area of the parachute

loader without major bearing orbits at 33,000 rpm, and to minimize

the second critical frequency effect during start and stop. V
2 Configuration 23, using the shimmed 12-segment bearing with the

balanced shaft and optimized parachute loader, experienced a fail-

ure at a bearing load of 6.549 psi. Results of this failure are

shown in Figures 108 and 109.

The Configuration 23 failure represents the first instance

of reaching bearing ultimate capacity at design rpm. The bearing

load of 6.549 psi, while considerably below bearing target load

of 16.4 psi, represents a supported weight of 176.8 lb per bearing,
equivalent to a 6+ g maneuver.
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3 CROSS-PLY ALUMINUM
DAMPING TAPE (SCOTCH #428C)

44.
0.012 THICK

-STAINLESS STEEL
0' 0010 THICKI INCONEL 718
WITH 0.001 TEFLON S"' \ ~COATIING •
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Figure 107. Parachute Loader Final Configuration
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CONFIGURATION 23 -4

Figu~-e 108. Journal Bearing Test Pig Shaft After Bearing Failure
at 6.5 psi and 33,000 rpm
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It should be noted that this failed configuration utilized

the same foils that were installed at the start of Phase B.

While Teflon-S does not possess the temperature capacity required

for the intended end item application, it does provide a durable

and forgiving foil coating for use during development testing.

As shown in Figure 110, these bearings experienced 72 start-stop

cycles and accumulated nearly 32 hours of run time before the

failure occurred. Z-

After repairing and rebalancing the shaft, configir4tion 24

was assembled with new 12 segment bearings. Because of the under-

size repaired shaft, the calculated bearing swayspace was

increased by 0.0047 inch.aes. Loaded runs were made at reduced

speeds to minimize risk. Since maximum load capacity has been

determined to be only a weak function of speed, the low speed

runs were felt to provide additional insight into bearing perfor-

mance. Initial tests ran to 3.14 and 4.42 bearing psi at 20,000

and 25,000 rpm respectively. Further testing demonstrated 5.1

bearing psi at 23,000 rpm but the onset of bearing instability,

as noted by changes in the synchronous orbit, was observed at

4.8 bearing psi at 28,000 rpm. Disassembly revealed the bearing

wear pattern was too close to the foil trailing edge. Configura-

tion 25 was therefore run with foil overlap reduced from 47.5 per-

cent to 46.3 percent (foil length reduced by approximately 0.050

inch). Operation of this configuration was characterized by the

recurrence of subsynchronous shaft excursions. This again points

out the fact that subtle changes made to enhance bearing perform-

ance can have significant impact on the rotor dynamics of the

entire system. Since the foil cutback had increased the measured

sway space from 0.0175 to 0.0215 inch, shims again were used to

reduce this value to 0.017 inch for Configuration 26. Testing was

repeated at 23,000 and 28,000 rpm for this configuration. Bearing

limit, evidenced by the onset of half frequency whirl, was reached

at 3.737 bearing psi at 23,000 rpm. The bearing was gradually

loaded to 5.4 psi at 28,000 rpm (Time 0 shown on Figure 111), when
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a half frequency excitation condition developed, which is shown

on Time 3 seconds on Figure 111. At this point, the load was re-

duced to zero. The excursions continued to qrow to the poixiL of

failure with a nearly instantaneous speed reduction to zero rpm

and a total elapsed time of 6 seconds. The turbine-end bearing

had welded itself to the shaft as shown in the sequence of photos

(Figures 112, 113, and 114.) As shown in Figure 115, this test

data can be extrapolated to approximately 7.5 bearing psi at de-

sign speed. The half-frequency excitation could be attributed to

a sub-harmonic arising from shaft rub on the foils.

Conclusions reached after extensive testing of 12-segment

bearings utilizing 0.012 inch foil material is that the available

compliancy of this configuration limits bearing capacity to the

6 psi range. When 0.012 inch thick material for overlapping foils

is used, too much of the arc length has a thick low pressure film

thus limiting the overall capacity of the bearing. This bearing

geometry, however, did exhibit a degree of stability unmatched

by any of the six-or eight-segment bearings tested in this program.

Configuration 27, the preplanned high temperature test con-

figuration, was assembled. This configuration consisted of a

stainless steel bearing carrier (previously aluminum) for the high

temperature air, machined for a 10-segment bearing. Foils were

available with Kaman DES coating, but the initial test run of this

configuration was with Teflon-S for the multi-plane multi-speed

balancing operation. The test shaft was the shortened Inconel 718

shaft with Tribaloy-400 coating on the journal surfaces. When

the test rig was operated to 22,000 rpm, the high ellipticity of

the orbit indicated the possible approach of a backward precession

mode, which produced a mid-plane excursion of 12 mils that could

not be corrected by multi-speed/multi-plane balancing. Shaft ex-

cursions with speed are shown in Figure 116.

A contributory cause of the lowered speed at which the back-

ward mode develops is currently considered to be the lack of a foil
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at the 900 circumferential position, (i.e., lack of perpendicular

symmetry) to resist the cross-coupling forces observed in the

journal bearing static elasticity analysis. As a result, high

temperature testing was performed at 20,000 rpm. The material

* !combination of Kaman DES on the foils and oxidized Tribaloy-400

Son the journal is acceptable for operation at temperatures far in

excess of Teflon-S allowable limits. Test conditions achieved

during run 1 of Configuration 28 at 1 g were 385OF and 440'F cool-

ant inlet temperature, respectively, at the test bearing and tur-

bine bearing. The temperature differences are a result of differ-

ent amounts of dilution of tne high temperature coolant due to
secondary rig air flows, which are different at both ends. The

test bearing end of the rig has cold air sources from the hydro-

statically supported dynamometer and from the parachute loader hy-

drostatic support air (used to provide a small amount of shaft ID

cooling flow.)

The second run with this configuration was a 50-start foil

durability test. The sequence of testing was 10 room temperature

starts followed by 10 starts at 500OF coolant temperature, then
repeat room temperature tests followed by 10 starts at 300IF

and a final 10 at 5001F. This plan was incorpor -ed to investi-

gate whether the high temperature would regenei, any beneficial

journal coating oxide which might have been remr •d durinq the

low temperature starts. Test results are shown in Figurc. 117.
The left hand scale represents the peak torque recorded during

start at the initiation of shaft breakaway. The breakaway torque
values indicated in the right margin represent recorded values

obtained by rotation of the shaft with a torque wrench at very

slow speed. The only anomaly noted after disassembly was the
presence of scratches apparently caused by some foreign particles.

Conclusions reached from this test are that: (1) the coating has

sufficient durability to be a candidate for further bearing pro-

grams; (2) some coating deterioration takes place during the start-

stop cycle; (3) operation at temperatures typical of engine com-

pressor exit temperature will not significantly regenerate journal

oxide coating and therefore will not restore friction coefficients

to new part levels.
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Figure 117. Configuration 28, Run 2-Start Cycles
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The final run using this bearing configuration was an attempt

to simulate bearing coolant pressure and temperature conditions

representative of engine operation. However the large radial

clearance of the test bearing fore and aft labyrinth seals, needed

to accommodate the required sway space, permitted high pressure

coolant to leak into the rig end cavity and create a rig thrust

unbalance that exceeded the capacity of the thrust bearings.

This was the only thrust bearing fail ire experienced on the jour-

nal bearing test rig. Note in Figure 118 that the inboard bear-

ing failed at the OD while the outboard bearing, which absorbed

the thrust unbalance, failed at the ID, indicating that some

dishing of the thrust runner had occurred.

For Configuration 30, the te9t rig was modified to perform

the dynamic simulation test within the limits ' the 12-segment

bearing capacity. Twelve-segment bearings with Teflon-S were
installed at the turbine end and NiCo coated foils installed at
the test bearing end. An initial checkout run was made and all

parameters were considered acceptable to 25,000 rpm. The rig was

then modified to misalign the test bearing equivalent to the mis-

alignment developed under a 3.5 radian/second yaw condition

(0.05 degree) and the parachute loader was added to apply the

radial load to the bearing. The test bearing seized at 21,200

rpm during the first acceleration. Disassembly of the bearing

revealed that only the outboard edges of the bearing had rubbed

the shaft hard enough to cause the seizure.

The outboard wear was partially the consequen-c -f insuffi- 2

cient bearing air film (because of the edge leakage) untli speeds

above the nominal foil lift-off speeds are reached. :t is -alt

that the factors of low speed bearing end leakage, th2' thin film

foil coating, and the axial bending rigidity of the 0.012 thick

preformed foils, contributed to the seizure. This axial rigidity

limits the variation in axial foil compliancy that is required to

accommodate the misaligned condition.
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3.5.2 Foil Thrust Bearing Development Tests

3.5.2.1 Baseline Bearing

The baseline foil thrust bearing was a previously proven

design scaled to the size required for this application. The

bearing is a three-part assembly in the form of an annulus, 6.15

inches OD and 3.5 inches ID. The bearing is made of 13 0.006 inch

thick Inconel X-750 foils welded to a base of 0.010 inch Inconel.

The foils are coated with 0.001 inch thick Teflon-S. The teflon

coated area represents 89.5 percent of the projected annulus area

which is capable of carrying a thrust load. These foils, welded

on one side only, are free to conform to the required shape to

support the load carrying air film. The spring assembly consists

of 13 Inconel springs as shown in Figure 119, welded tc a 0.012

inch thick Inconel base. An intermediate stiffener between the

bearing and spring assembly provides additional stiffness as

required. The spring centerline orientation is approximately 170

beyond the leading edge of the foil.

Initial testing during test rig checkout showed heavy bearing

wear at the foil ID. This problem was eliminated by providing

spring assemblies with gradually increasing sprinq height from

ID to OD. Several tests were made on this baseline configura-

tion with maximum demonstrated capacity at about 300 lb load.

Wear patterns similar to that shown in Figure 120 are indicative

of maximum bearing capacity levels.

3.5.2.2 Dual Spring Design

Analytical prediction of maximum baseline bearing capacity
closely agreed with test results. To provide an increased area

of support for the high pressure air film, a spring assembly using
two springs was designed. This spring configuration is shown

schematically in Figure 121. During test the air film was lost at
a low load of 200 pounds at 33,000 rpm, resulting in foil melting
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as shown in Figure 122. The air film loss was attributed to
spring height relationship between two pad springs. Although the

individual springs have a manufacturing tolerance, a relative

tolerance must be applied after assembly that can be met only by

machining each spring. The leading spring, which has the lower

spring rate, has the lower height, therefore making a natural

built-in wedge to initially develop a load carrying film.

With considerable difficulty, a dual spring assembly was fab-

ricated with proper spring height relationships, i.e., an increase

in spring height from foil leading to trailing edge and an in-

crease from ID to OD. Results of test were no better than before,

nor were better results achieved with further modifications re-

ducing the leading edge spring length. Maximum load capacity of

this sp g configuration remained at 200 lb.

3.5.2.3 Partial Pad Stiffener

The partial pad stiffener spring design, shown schematically

in Figure 123, evolved as a means to accomplish pad stiffening of

the dual spring assembly and to eliminate manufacturing diffi-

culties previously experienced. Initial test sequence involved

direct comparison tests of the three designs developed to that

date. All configurations used a Teflon-coated foil but with

variations in the spring and stiffener assemblies. These varia-

tions included combinations of the baseline spring assembly,

modified dual spring assembly, partial pad stiffener spring

assembly, and the 0.010 or 0.012 inch thick intermediate stif-

fener. Data from this test series were used as an instrument to

analyze friction torque and cooling characteristics, as a function

of bearing load. Some data resulted in a typical plot (Figure

124), which shows the specific torque-versus-torque for three

configurations of interest. Configuration 10 (modified dual

spring) is near capacity limit because the specific torque (torque

per unit load) is increasing. The curve also ahows that the
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[A

baseline spring assembly and partial pad stiffener spring assembly

have not reached capacity limit for the loads shown.

However, it was felt that continued testing with the partial

pad stiffener design offered more opportunity to achieve higher

load capacity, based on the correlation between analytical pre-

dictions and previous tests.

In reviewing data from previous failures, it appeared that

foil operating temperature could have been a contributory factor.

Operational temperature limits for Teflon-S are about 550OF but

measuring actual foil temperature had proven to be extremely dif-

ficult. Previous att.empts to attach thermocoaples to the foils

or intermediate stiffeners had always resl!tE'd in failures due to

local protrusions or the inability of the thermocouple lead wires

to conform to the bearing operational geometry. Since the only

reliable tenperatare obtainable was that of the cooling air

leaving trh bearh.ny, and data revealed that bearing failures

had occurred w1en this teimperature reached 300-0 F, a test was run

using increasing amounts of cooling air to maintain a constant

discharge air temperature as load increased. This testing re-

quired a larger quantity of cooling air at higher loads, and Te-

sulted in maintaining the bearing coating temperature while

subjecting thc bearing to a previously unachieved 540-pound load

(27 psi), shown in Figure 125. The test was terminated at this

load due to test instrumentation limits and not by the achieve-

ment of maximum bearing ioad capacity.

A spring rate test also was conducted on the spring assembly

utilizing the partial pad stiffener and baseline spring. Since

the baseline spring was not designed for these high loads, the

test purpose was to determine maximum spring capability. Sub-

sequent bearing testing with this spring assembly indicated a

rotor instability, which was traced to uneven heights of the

13 springs, indicating spring material yielding during the spring
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rate test. A spring stress analysis showed that the material

could have yielded when the total load exceeded 600 pounds.

Therefore, a thrust bearing pad spring, capable of supporting

the target thrust bearing loads, was designed. The spring

material was changed from Inconel X-750 to Inconel 718, which

permitted a spring design with higher stress levels. Material

thickness was increased from 0.014 to 0.020 inch, and the spring

width from 0.46 to 0.64 inch.

Thrust bearing foils of 0.006 inch thick Inconel X-750 cor

highei temperature use were coated with molybdenum disulphide

(MoS 2 ) and another group of foils was cut from 0.004 inch thick

Haynes 25, and oxidized.

The test that incorporated both the redesigned springs and

the MoS 2 coated foils resulted in failure at the low load of 40

lb (See Figure 126). Since this failure could have been due either

to the spring assembly, the foil coating, or a foil weld failure,

subsequent tests were used to evaluate the individual changes.

A 200 lb load demonstration was made with a Teflon-S bearing

and the original partial pad stiffener spring assembly, which

;erified rig operation. The next test, using the same bearing

but the Inconel 718 spring assembly, resulted in failure below

200 lb load, indicating the spring design was too stiff to provide

required foil compliancy characteristics.

In order to better evaluate the individual spring assembly

,rnQponents, a fixture that permitted testing individual springs

-,,a obtained. The test procedure was to measure the spring de-

flction upon application of 20 pound and 50 pound loads. This

reDresented a total bearing load level of 260 and 650 pounds

respectively. Approximately 15 samples of each type of spring

,!cre tested. In addition, one spring was repeatedly tested for

15 trials at 50 pounds load, to assess test accuracy. Results
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are indicated in Table 18. As shown, the accuracy of the test is

very high, but in all cases at the higher loads the Inconel 718

springs experience less deflection. These higher stiffness

values imply that bearing compliance is reduced as load increases,

although the 0.014 thick Inconel 718 springs nearly duplicate the

X-750 spring performance. The high standard deviation of these

springs would have to be reduced significantly through manufac-

turing process improvements to minimize cir, umferential variations

in bearing compliance.

Further insight into the spring geometry problem is provided

in Figure 127. The "as assembled" data shows the variation in

both circumferential and radial spring height of a just completed

spring assembly. The "after adjustment" data shows a more uni-

form assembly. Data in the right margin indicates the mean
height, maximum and minimum variation from the mean, and circum-
ferential ztandard deviation, for the three radial portions of

the spring. Note the achievement, after adjustment, of a slight

I height increase from ID to OD. Obtaining this type of data re-

quires a measurement at 39 locations, followed by hand adjust-

ment, as required, and remeasurement.

Verification of spring yielding was obtained from single

spring test data. Figure 128 shows a comparison of the original

Inconel X-750 spring (-3) with the 0.020 thick Inconel 718 type
i (-4). The net deformation after relaxation, shows considerable

yielding at bearing loads of 700 lb and above for the Inconel

X-750 type. The Inconel 718 spring shows no yielding whatsoever,

making the spring assembly height adjustment quite difficult.

It is anticipated that further mznufacturing development would

be required to alleviate this situation.

Upon resumption of bearing tests, a standard spring assembly

with a MoS 2 coated bearing was tested. The bearing coating

(0.0007 inch thick) showed considerable wear after a maximum load
of 100 pounds. After a test of another bearing to assure the rig

was not misaligned it was concluded that the thin MoS 2 coating

was not a good wear resistant coating.
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It was felt that increasing bearing pad area would increase

load capacity, so a wide pad bearing was defined, in whica the

coated surface was increased to 94.1 percent of the total pro-

jected area. When tested, this pad assembly (Configuration 20)

achieved a load of 342 lb before prefailure indications appeared.

Upon examination, the pad wear patterns indicated that the trail-

ing portion of this larger pad was not being effectively utilized.

This same bearing assembly was modified by repositioning the

locating slots, which rotated the spring assembly centerline 2.20

toward foil pad trailing edge. This resulted in a 30 percent

increase in load capacity to 441 pounds and, as shown in Figure

129, the area of Teflon discoloration at the minimum film, maxi-

mum temperature point, had been relocated as intended. Another

test was performed with 1oS2 on wide pad foils, which again

demonstrated inadequate performance, achieving a maximum capacity

of 180 pounds. The reason for failure is considered to be the

effect of a thin foil coating as it affects the development of

the load carrying film, which is discussed later in the report.

The conclusion reached as a result of test configurations

described above relates to high film temperature reached at the

point of minimum film thickness. The Inconel foil materials used

to date have had a low thermal conductivity factor, and there-

fore retain heat at the point of generation, which may cause foil

Sdistortion. Therefore, materials with a higher rate of thermal

c onductance were investigated for suitability to foil bearing

fabrication. An alternate method of conducting heat from the

"hot spot" is to increase foil thickness. Configurations 25 and
V29 explore this concept of conducting heat from the minimum film

space, as discussed later in this report.

Configuration 23 was fabricated and assembled with Kaman SCA
coating on the thrust runner and Kaman DES coating on the foils.

Difficulty was experienced in photo-etching the foiJ. shapes, as

ti.ý etching agent attacked the coating, thereby rendering the foils

70,u;ble. As a result, the individual foils were hand cut.
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Since this represented the initial high temperature run of

this material combination, which had proven successful in the wear

test rig, the bearing was inspected after several revolutions of

hand turning. The foil coating had worn through at several high

points because of three contributing factors as follows:

o The torque table had hung up on a chamfer and,

therefore, was at an angle to the thrust runner.

o One foil was not flat.

o The foil coating in this case was 0.0001 inch

thick, whereas the wear test rig foil coatings

were 0.0003 inch thick. The reason for the thinner

coating was to keep the foils flat, as the appli-

cation process for Kaman DES curls the 0.006 inch

thick foils.

Therefore, this combination of Kaman coating does not appear to

be acceptable for thrust bearings, but may be for the thicker

journal bearings.

Configuration 24 was fabricated with a rectangular shaped

partial stiffener welded between the spring and circumferential

stiffener, and wide pad Teflon-S coated foils. This stiffener

geometry is intended to additionally stiffen the ID of the bear-
! ing and thus transfer some load to the OD. A foreign particle,

less than 0.005 inches thick, under one foil caused termination

of testing at 225 1L load.

Configuration 25 was fabricated with 0.0085 inch thick wide

pad foils (normally 0.006 inch thick) for the purpose of provid-

ing a larger heat sink for heat generated at the point of minimum

film thickness. The remainder of the configuration was identical

to the earlier configuration that was experiencing shaft insta-

bility. Load capacity achieved was 324 pounds. Teflon scorching

was also evident at disassembly. Two reasons are cited for this
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bearing's inability to carry a higher load; the thicker foils

lack of compliancy, and the materials thermal conductivity is more

important than thickness for heat sink considerations.

Retesting of the wide pad bearing with the rectangular

shaped partial stiffener (Configuration 27) was considerably

more successful. This configuration was loaded to 397 pounds.

The wider thrust pad had previously been tested with the partial

pad stiffener to a load of 342 pounds. This indicates a load

capacity increase of 55 pounds for the rectangular stiffener.

Comparing this test data with results of previous configu.ation

tests indicates (although it cannot positively be concluded)

that the wider thrust pad slightly reduces the thrust bearing

capacity.

The second test confinuration (28) was the same as Configura-

tion 27 except for a 2.2 degree rotation of the spring toward

the trailing edge of the pad. This increased the bearing capac-

ity by 89 pounds, to 486 pounds. The spring rotation on a pre-

vious bearing configuration increased the capacity by 100 pounds,

which substantiates the credibility of this design technique.

Configuration 29 was fabricated with Teflon-S coated 0.006

inch thick beryllium copper wide pad foils. The spring assembly

was the same as Configuration 20, which demonstrated a 342 pound

capacity. This test was terminated after a 469 pound load was

applied to the bearing. Although the bearing capacity had not

been reached, the foils vere no longer flat, resulting in local-

ized wear-through of the Teflon-S (Figure 130). The test demon-

strated that, with a high thermal conductance, beryllium copper

conducted the heat from the minimum film space, where the highest

temperatures occur' within the bc:ring. This is shown in Figure

130 by the broader area of discoloration in the Teflon-S. The

reduced temperature in the minimum film space permitted the bear-

ing to operate at a higher load before overtemperaturing the

256



CONFIGURlATION 29

Figure 130. Beryllium Copper Foils With Teflon-S
Coating After 469-lb Load.
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Teflon coating. Using a bearing material possessing high thermal

conductance is a desirable design technique for almost any coat-

ing. Beryllium copper is not considered an acceptable material

for this program's final bearing, but it has been demonstrated

that maximized bearing performance can be achieved by optimizing

a bearing material's thermal conductance.

Test configuration number 30 consisted of 0.0001 inch thick

Kaman DES on Inconel X-750 foils, and a spring assembly with the

modified rectangular partial stiffener rotated 2.20 from basic,

which is considered the highest capacity configuration tested to

date. Purpose of the test was to note the bearing's performance

at full engine thrust (i.e., 200 pounds on the engine thrust

bearing) while supplying cooling air to the bearing in tempera-

ture increments up to that experienced in the engine. The test

data plotted in Figure 131 show no unusual bearing performance.

The condition of the bearing after the test (Figure 132) did not

indicate any distress as a result of the bearing operating tem-

perature, but did show that the coating, which was only 0.0001

thick, was not very tolerant of the starts and stops or the small

foreign particles existing in the bearing after fabrication.

The thicker Teflon coatings have demonstrated a degree of toler-

ance for these conditions. Thicker Kaman DES coatings need

further investigation and development, having previously shown

that the base foil distorts during the coating application. The

thrust bearing wear characteristic was not exhibited in the

journal bearing wear test rig because the journal bearing has a

different contact characteristic. Therefore, a higher level of

confidence can be placed in Kaman-coated journal bearing tests.

Configuration 31 consisted of Teflon-S coated beryllium copper

foils with the Configuration 30 spring assembly, Purpose of the

test was to subject the bearing to conditions of misalignment and

note changes in bearing performance. This test was performed in

thrust bearing load increments up to the full power thrust load

on the rotating group, approximately 200 pounds. Misal4-cnment

258

K -*'- m7 m



4.0 •0I -I
3.5

Z 200 L3 LOAD CONSTANT

COOLANT PRESSURE SETTINGS

2.5Si7
0. 0280 -

I I
Sz0.0270

C'0.0260

0. 02 5 0

0.0240

5.6

: 5.5 -- '202.03 202"37 -

S- 5.4 4

S-0 I _201.96 LOAD-LB-- 5.2: -• .3 4 •
5.20•3.O- - 202.3 202.49 -

__.! •250.35 (1)I
5I 206.41 i

S5.0 11, .

100 150 200 250 300 350 400 450 500 530
BEARING AIR ILET TEMPERATURE OF

*CORRECTED FOR STRAIN GAGE TEMPERATURE

Figure 131. Test Results-Foil Thrust Bearing Configuration
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CONFIGURATION 30

Figure 132. Kaman DES on Inconel X-750
Foils After Full (200 ibs)
Engine Thrust Test at
Operating Temperature.
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conditions up to 0.006 inch diametral were tested. The only

bearing characteristic affected to any degree was the bearing

torque, which decreased with increased misalignment (Figure 133).

The cause of this phenomenon is currently unknown. However, the

thrust bearing has demonstrated the ability to operate at the

maximum misalignment conditions expected in the engine applica-

tion.

The final foil thrust bearing development proqram test se-

quence was a dynamic load test, intended to simu)ate more realis-

tically arrested landing loads and other short duration maneuver

conditions. For this test, an alternative material with high
temperature capability was selected, due to the relatively poor

performance demonstrated by the Kaman coating. A nickel cobalt

tank plating process was selected, but it was fouitu that during

the plating process, stresses were induced in the base material,

causing it to distort or peel the coating from base material.

Material was coated by the "Selectron Process" and was mechan-

ically rolled to produce flat foil stock. Configuration 32 was

fabricated using this pad coating on wide pad foils with the
rectangular partial stiffener and 2.20 rotation. The test was

run with Kaman SCA coated thrust runner, but failure occurred
prior to reaching the nominal 200 pound load rating point.

The spring assembly survived the failure and the final test
configuration was assembled using the beryllium copper bearing

that had performed the misalignment tests and a nickel cobalt

coated runner. Load was applied dynamically at a rate of 63

lb/sec, starting from the 200 lb load level. The test history

is shown in Figure 134. The bearing succassfully achieved a

transient load level of 630 lb. Upon the final load applica-
tion, a failure occurred at a load of 682 lb. This failure could

have resulted either by reaching maximum bearing capacity or due

to yielding of the Inconel X-750 springs.
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4.0 CONCLUSIONS AND RECOMMENDATIONS

4.1 Analytical Program

4.1.1 Analytical Tools - Conclusions

The elasto-hydrodynamic thrust bearing analytical program

has proved to be a valuable design tool in predicting foil thrust

bearing performance. In addition, this computer program has per-

mitted critical examination of the baseline bearing deficiencies

and yielded viable design alternatives that have proved successful

in improved thrust bearing load capacity. The optimization study

and subsequent testing denonstrates that much improved load capac-

ities can be achieved.

The journa. bearing analytical computer simulation was a most

valuable tool in assessing foil elasticity for rotor stability and

critical speed design of the journal bearing rig. This complex

multi-foil non-linear elasto-hydrodynamics program has success-

fully analyzed foil journal 'earing performance. However, the

current journal bearing program has limitations with respect to

convergence at eccentricities greater than 0.002 to 0.005 inches

as was demonstrated in this test program with a journal bearing

capacity of 6.5 psi.

* 4.1.2 Analytical Tools - Recommendations

4.1.2.1 Bearings

It is apparent from the success of the .analytical efforts

that foil bearing performance can be significantly improved by

proper utilization of these computer simu:lations. However, these

design tools, and in particular the journal bearing computer pro-

gram, are )nly a first step in achieving full design capability.

The journai bearing program should be upgraded to permit a ite

element representation of foil elasticity as in the thrust .nearing

program. This extension will permit examination of axial effects

such as anti-clastic curvature, which may affect overall bearing
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performance. Specialized foil contours such as tapered foils

could be handled more efficiently with a finite-element represen-

tation.

4.1.2.2 Foil Journal Bearing/Rotor Dynamic Analysis

It should be recognized that rotor stability has play-d a

dominant role in the journal bearing test rig program. Load

capacity alone does not guarantee a-priori, that a rotor system

is stable. Rotor inertia and elasticity must be coupled with

support properties to permit full stability evaluation of rotor

systems. Excending the foil bearing analytic programs to provide

dynamic stiffness and damping coefficients that can be utilized

in rotor stability analysis is required.

4.1.3 Thermal Analysis Conclusions

Thermal analytical activity results clearly indicated foil

bearing operating temperature trends to the degree that operation

at a 50,000 ft altitude will exceed the foil materials and coating

capability. The validity of this analysis must be checked by

"actual foil temperature measurement in the future. Where unaccept-

ably high temperatures exist they can be reduced by internal rotor

cooling schemes.

4.1.4 Thermal Analysis Recommendations

Actual measurement of the foil bearing component temperatures

should be obtained to determine the validity of the analyses accoX

plished in this program. Some of the temperatures are difficult

to obtain but when bearing operating temperatures approach base

materials and coatings limits, measurement of bearing component

actual temperatures become extremely important.
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4.2 Materials Development

4.2.1 Conclusions

Conclusions resulting from materials development activities

are as follows:

(a) Three alloys were established for shaft and foil

substrate materials. Inconel X-750, Inconel 718

and Haynes 25 are capable of meeting foil bearing

strength, modulus of elasticity, and oxidation re-
sistance requirements, to temperatures of 1200 0 F.

(b) Several low friction, oxidation resistant coatings

were acceptable for use to temperatures of 1200OF
and were as follows in their order of preference:

o B4C

o TiB2

o Cr20
2 3

o TiC

o Kaman DES or SCA (Cr 2 01, containingl

o NiCo electroplate (60-80 percent Cobalt)

o Tribaloy-400

Full scale rig testing indicated Kaman DES is an

acceptable journal foil coating but this material

exhibits a variable friction coefficient. As a

thrust foil coating, Kaman DES must be thicker for

adequate life and conformity.

Tests with NiCo used as the foil coating, in both

full scale test rigs, were unsuccessful for geo-

metric reasons. Because of successful tests in

the high temperature wear test rig, NiCo is still

considered an acceptable coating.
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(c) Processing or application of the above coatings

was not optimized but the following parameters

were established:

o Adequate surface finish, less than 12 p-

inch

o Adequate thickness, 0.0002 inch minimum.

o Sufficient ductility in thin layers to allow

post-coating fabrication (bend about a 1-inch

diameter mandrel without microscopic crack-

ing).

4.2.2 Recommendations

Recommendations for future materials work are as follows:

(a) The best joatings evaluated in the program (Item

b, conclusions) should be optimized with respect

to application parameters and then tested to mean-

ingful estimates of wear performance at tempera-

tures to 1200 0 F. This also may include multiple

coating layers of different materials.

(b) The test plan for these coatings should include

tests to determine the influence of brief contacts

of bearings at high speeds as well as start/stop

cyclic endurance.

(c) Re-evaluate several of the less promising coatings

using wear test rig and possibly lower test tempera-

tures (1000*F) to establish merit for further

consideration. These would include (Ba Ca)F 2  type

coatings, Si3N 03 and Cr3C
i3N4 ' C 2 0 3C2'
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4.3 Bearing Tests and Development Proqram

4.3.1 Thrust Bearing - Conclusions

4.3.1.1 Bearing Configuration

Table 19 summarizes the major steps in the development of a

high load capacity thrust bearing. As indicated, all of these

configurations are capable of continuous duty at 200 lb load,

which represents the static bearing thrust for a Phase II engine.

However, it is concluded that the wide pad bearing with the ro-

tated orientation, using a rectangular spring stiffener has the

highest probability of reaching maximum dynamic load capacity.

With the help of the analytical program the thrust bearing

load capacity was increased from 300 pounds to 540 pounds under

steady-state conditions, and up to 680 pounds under transient

conditions, which approximate applicable MIL-E-5007 maneuver

loads. This is 8 percent short of the goal to meet the arrested

landing load requirement.

Achieving the goal is well within the reach of further de-

velopment through spring design refinement and foil coating im-

provements.

4.3.1.2 Foil Coatings

Conclusions drawn from the test program are that high tem-

perature coatings, which are characterized as relatively thin

and hard surfaced, are not able to sustain a high load capacity.

While some of these coatings, specifically Kaman DES, have demon-

strated the ability to operate at nominal (200 lb) loads at high

temperatures, failure of these coatings have been extremely
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abrupt and totally without warning. These coatings are not able

to deform plastically and provide warnings of imminent failure as

the Teflon-S coated bearings consistently have done.

It is felt that the load limitation is due in part to the

geometry effect of the thin coatings. With Teflon-S the bearing

pad has a geometry as shown in Figure 135A. The step up to the

Teflon is felt to enhance the formation of the load carrying

wedge film. The higlh temperature coatings in Figure 135B do not

provide this presumably favorable bituation.

4.3.2 Thrust Bearing - Recommendations

It is recommended that foil thrust bearing tests and

development be continued as follows:

(a) Select and test a pad material with the highest

possible thermal conductivity to avoid pad thermal

distortion at the highest film temperature location

within the bearing.

(b) Develop a spring design with the strength capabil-

ity of Inconel 718 but continuing the adjustability

features demonstrated with the Inconel X-750 designs.

(c) Increase the load carrying ability of high tempera-

ture material coated foils.

4.3.3 Journal Bearing - Conclusions

4.3.3.1 Bearing Configuration

The journal bearing capacity improvement program was

hampeied by the initially undetermined premature bending of the

test shaft in the journal bearing test rig. Considerable effort
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TEFLON-S 0.001 IN

BREAK EDGE AIRFLOW /
EEI -_ PAD 0.006 IN

WELD LINE BASE 0.010 IN

(A) TEFLON-S FOIL COATING

COATIAG 0.0001 TYP

BREAK EDGE PAD 0.006 IN

WELD LINE BASE 0.010

:B) HIGH TEMPERATURE COATING TYPICAL

APPROXIMATELY 20 x SIZE

Figure 135. Foil Thrust Bearing Geometry
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was spent before the problem was determined and the test shaft

shortened 6 inches so the test rig could be brought up to full

speed without a bearing failure. This permitted a limited amount

of testing with a 12-segment bearing but did not permit extensive

10-segment bearing testing. It is now obvious that more analyti-

cal study is required ir the area of the dynamic interrelation-

ship of foil bearings and shaft dynamics. The lack of test suc-

cess with the 10 segment bearing compared to the 12 segment indi-

cates that if a bearing other th-rn the 12 segment bearing is

required to accept the full maneuver loads of MIL-E-5007 the

dynamic interrelationship must be readdressed to assure success-

ful engine operation.

Therefore, the conclusion reached in this program is that

the journal bearing that can best meet engine demonstration needs

for Phase II consists of the 12-segment bearing using 0.012 in.

thick Inconel foils, with a measured sway space range of 0.016 -

0.020 in. for a 4.50 in. diameter journal. This bearing can

adequately handle the dynamics situation described above, and

still have a demonstrated capacity of 6.5 psi and an extrapolated

capacity (of another configuration extrapolated for speed and

effect of engine bearing cavity pressure) of 8.6 psi. Even

though the shortened test rig was used to demonstrate the 12 foil

design, it should be noted that the shortened rig dynamics better

approximate the engine dynamics than the original rig design.

This fact is based upon a recognition that the engine rotor prin-

cipal bending mode (Figure 11) is at 57,255 rpm and the redesigned

rig's iouor bending mode is at 63,000 rpm. The mode illustrated

in Figure 11 at 51,500 rpm is a tiebolt mode with little rotor

bending activity. Thus the original rig design had a rotor

bending mode at 76 percent of the engine rotor bending mode,

whereas the 6-inch shorter rig has a bending mode at 110 percent

of the engine bending mode.
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The bearing diameter selected for the test engine, coupled

with engine shaft speed results in a peripheral velocity of

39,000 feet/minute, which is approximately 50 percent higher

than known successful cantilevered-.leaf foil bearing applications.

The development of these characteristics of foil journal

bearing demonstrates the need for additional analytical and test

work to further expand their range of usefulness and meet the full

maneuver loads of the intended application.

Testing revealed that a certain combination of bearing spring

rate and operating sway space must be present to obtain satisfac-

tory system rotor dynamics. Satisfactory rotor dynamics must be

obtained because small values of bearing damping will permit

shaft excursions to grow to unacceptable levels if excitation

occurs. It is not understood why an otherwise acceptable system

should incur problems if foils are cut back slightly or sway space

increases. Testing these systems must be done with extreme care

as the rotational energy absorbed at failure results in signifi-

cant damage to journal surfaces. It has also been observed that

the bearing geometry must have both a vertical and horizontal sym-

metry to preclude what has been identified as backward precession.

4.3.2.2 Foil Coatings

Testing indicated that Kaman DES coated foils and oxidized

Tribaloy-400 coated journals can provide sufficient capacity for

the Phase II engine test program. Further work will be required

to provide materials with the long term durability required by

the applications of high temperature foil bearings to existing

or advanced turbomachines.
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4.3.3 Journal Bearing - Recommendations

It is recommended that foil journal bearing tests and devel-

opment be continued as follows:

(a) Further analytical study of the foil journal bear-

ings as well as shaft dynamics relationship.

(b) Continue foil journal bearing testing with the

support of the analytical program, to increase

its load carrying capacity.

kc) Continue efforts to provide coating materials

with long term durability.

4.4 Overall Conclusions and Recommendations

The in-depth study of foil bearing characteristics and anal-

ytical tools developed and demonstrated during this program have

significantly advanced techniques to improve foil bearing capacity

for turbomachine applications.

The foil bearings developed in the study exceed the require-

ments for a static, sea level propulsion engine demonstration.

Therefore, it is recommended that this demonstration program be

undertaken.
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APPENDIX A

Scanning Electrou± M.acL,,roscopy Photographs %'14 Pages)

Table A-1. Coating Performance for Low Speed
Wear Rig Tests (2 Pages)
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STable B-2. Journal Bearing Configurations Tested (1 Page)
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V TABLE B-2

JOURNAL BEARING CONFIGURATIONS TESTED

S1RIN1 TVST AT
CONFIG. Foi0, FOIL iO•1 STIFFENLR AbLE:UILY WuAlo

NO. MATERIAL COA=ThG THICKNESS THIChINI iS CONYIGURL'. oN 1I41T
1 INCu X-750 Toflon-S 0.006 0.012 baseline !15 li
2 0.007 tapered 200 lb 3.

S0.004 tapered 300 !:,
baseline .

4 0.012 Dual spring Yes 200 ib, b ailsr,
5 0.01 d 0.001 tapered p',,o- c< In rub.

duall spring
6 Teflon-S 0.010 0.001 talered T.rc-,. 0  e r.b

dual spring
2/3 leadi'•q
edge spring

7 OBD-26 0.012 Sane as 6 Coatnl faiio
8 Baseline R %' seal ta ,

9 Baseline with 224 In
0.012 I0S
sti ffener

i0 Dual spring 190 Ilb
Sar.e is 9 Yes No 1lft-oft,, filllý

12 0.012 Same as 9 197 1h
13 Teflon-S 0.010 Sane as 9 540 lb

.114 ,oS 2  Same as 9 Rig bearin;I .ij r
is *.oS 2  INCO 718 wide leb 40 lb, failure

spring N.

stiffener
li Teflon-S Baseline spring 208 1i-

PS stiffener

17 Teflon-S 0.010 INCO 710 wide -es 162 In, failro
sprin g PS
stif fener

18 los 2 0.012 Baseline spring< 97 Ib, coat sorr c,-t
"S stiffener

19 Teflon-S 0.010 Baseline spring 200 Ib
PS stiffener

20 Baseline sprinc) Yes 34Z !l
PS stiffener21 Teflon-S 2.21 Rot. Yes 441 it
Baseline spring

PS stiffener
22 110S2 Baseline sorinoi ocs 180 1,, - a.!u..e

IPS stiffener

23 Kaman DES Baseline spring L.' s'4ee te,.t coati,.
PS stiffener throa~h

24 Teflon-S 0.006 Baseaine sprina lob 225 in
Reot. stiffener

25 0.0085 Base~inL spring 1es 324 in
IPS stittfener

26 0.006 ,aseline sprinq rhrust unone: ta. ]ie
Pect, stiffener

27 Baseline spring Yez 397.2 2.,
Rect. stiffener

28 I:NCO X-750 2.2* Slot, les i 5 .< lb :tailurt
Baseline spring
Rect. stiffener

29 BeCu Teflon-S PS stiffener Yes 46q.3 In
Baseline spring30 IiCo -:-750 Kaman DES Bas.2line sprin, 500i' st 200 .,

Rect. sti¢fener

2.20 Rot.

31 BeCu Teflor-S 0.010 Baseline spring
Rect. stif€fener lainet,2)b

2.20 Rot.
32 I2CO X-750 NiCo 0.012 Babesine spring Dyn. ladln 1, .. tin

Rect. stiffener failuie
2.20 Rot.

33, BeC. Teflon-S 0.006 0.010 Baseline opring les D 4 . !<a r,,u, l es In
Rect. stiffener
2.2• Rot

,olte. P0 = Partial Segment

30).
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AIRESEAPCH MANUFACTURING COMPANY

D A T EJ. CALC NO_

PREPARED ByJA.K L L MODEL

CHECKED BY___________ PART NO.. _

THiRUST BEAIM~~hG TEST COt4FIGURAT101 N'..L...

FOIL: Asý/l SLo q Z3-

THICKM~ESS OG
COATltd
BASE THKMESS -210Q
SPECA.L COMFIS.____

STIFFEOFER: P/N 5LO4

SPEC. cNF ____

-SPRIN~G ASSY ,P q ) Z Z___

SPEC.CoksFis.

8ReA*CAWuAj TremQu: 7ohTAL 35S in. lbs
Thsr BRG. eh~bs.

RVNI1I0) roRQDus AT 33 Krpyv1, 200 1b5 s ) ins.)k
AT S3 Xi<-pvnirMax lbd i.5 n-lbs,

ri.j, 5PEEV 337$,.oo I)

LIPThOFF 5?EED rpm___
T~h DOWN SP'EED ipyn

Dt~A.- PDOtWT 01 0 1

1~PAZK.5 13ASELIOE BEPRIN~G COMIGLWA1100'

IRE PORT

A_______ 303 EP ~Lq L_2_-L

A4~¶C ,. -



AIRESEARCH MANUFACTURING COMPANY

DATE ' 7 - CALC. NO

PREPARED BY \A)- MODEL ___

K ~CHECKED BY -__________ PART NO.

TH-RUST BEARING TEST CONFISURATIOt4 No

FOIL: Ass_____t

rHICKM~E55 OOG__

COATIMIG E TrLttJ,5'

BA5E THKMESS -010
SPEC/AL COMFIS._____

STIFFEOER:. P/N XoV-

.001Z

SP4-NF

8REtoiI.AW rORQUE: A9TALi 3.Kr0, lbs

AT 33K,-p,7vI"AX lb4d 3, if-l~bS

rj1A ,5pf E1 33,coool

LIT-OFFSP~EED' ____

TooLCi DLowý3 SPE~ED rpm

DATA POWT 01/ Tru

R RE =POR T

304 IPAGE OF



AIRESEARCH MANUFACTU)RING COMPANY

DATE___________ CALC. NO.-- -.

PREPARED BY____________________ MODEL___

CHECKED BY PART NO.~

TH4RUST BEARIN~G TEST CONF16URATIOM N W3

FOIL: A5UME 55qZ-

THICKME55 o
COATING ___

BA5E THKMtESS -010
SPEC&hL COMFIS.____

STIFPENER:. PIN sýHq2I-

rMi4cKclEss '012
SPEC. CON F.____

SPRIt3G ASS'Y % P/W~

BRAKCA\LAI rgTthwE: 70TAL~ IG~in. 1bs.

RVMMID6) 71hRous : AT 33 Krprno / l001bs ____iis

AT 33Xr-pw, rmx Ibtd 3*qq Inibs,

tA9 5PPEip 3 3, GDO II
Lir-T-OFP5VIEEO' ____ rpm~
Tooc" Dowo SPEED i

DATA PDOWT~ o

[REPORT

305 IPAGE OF



AIRESEARCH MANUFACTURING COMPANY

DATE_~~' 7-) C A LC. IN0.~
PREPARED 

MODELc~i~~

CHECKED BY. PART NO.____

THRUS)T BERItPMt TEST CONF1GURATINt NO 4

RFOIL: AsU~'~ sYHLLI23/2

'rHICKI3E55 ~o
COATIOGT:PO
SA5E THXMG55 *'cio
SPECAIL COMFIS.____

STIFFEUER: P/Ni

SPEC. C6N F ___

SPRING) ASY' PAi 3.)i30h-1
ASST~~~E

8 REACA\VAy 70P.QU: 70TAL RIC n lb's.
JmTvsr BftG. _____inbs-

RvL)MMDGraRQoE- : AT 33 Krpmn, 200o1bs In. )65.
AT 33 Ktpwijnmccbtd- I\IA n-lbs.

MAC7 LOAD

LIPT-OFF SPEEt? rpm___
TooC"j DOWN SIPEED rpm

THE Mc f1,

HIHRTA 1&M II5.'LDACIoG)

~I3(j OAT-rEN\T- \k*k5 IIAtC& 7-P Cvp iT

306 I PAGE 1OF /



AIRESEARCH MANUFACTURING COMSANY

DATE'-?Ij-Ul CAS. N
PREPARED BYi2 e~- CADLC.N-------

CHECKED BY-____ PART NO.___

THRUST 13EARING TEST CLOt4F16URAT1Ot4 Ne'

FOIL: As____P//

TMICKM~E55
COATINJG
BASE THKMS5 1c
SPEC/AL CO FS. m cog ~ j. no -\c,.K -,r I

STIFFEMER:. P/N KO71-

1ThCKMESS .~
SPEC. CONJF. -

SPRIN~G ASSlYa P/w
BASE THIMtES
SP'EC. comv 16. '~~I ~ ~

8REAIC-AWA-1 TrORQUE: 70TAL RIS in. lbs.
Tcsr BRG. L2 e.b.

RvmMIDG3 rnoRus AT 33 Krprn , 200lbs nhs
AT 33;-pvn, tmxlbgtd .bs

LIPT-OFF SPEEO s:& rprn
Tbt~v1 DOWN S¶'EED) r rn

DATA POIWT 0____

307 P~



AIRESEARCH MANUFACTURING COMPANY

DATE ~ ~ CALC. --

PREARED BY IeMODEL

CHECKED BY__________ PART NO. ____

THRUST BEA~RUIG TEST CLO4F16URA~TIOM N

FO-IL: AsS s /J ___

TiiICKh)ESS ___

BA5E THKtME55r

STIFFEOVER:. P/N cZ-I

SPEC. CON F~

SPRIIMG ASS')' P/ o -V A6_

ATEC cow:~lmec~~ is.lb7

RVMtMIO) rioRus: AT 33Krprn,ae200bs ifn.)65.

Lir-T-OFF SPEEC' l'.1

DATA POWhT 0t____

REPORT

308 PACE OF



i4

AIRESEARCH MANUFACTU RING COMPANY

DATE±# CALC

PREPAREDOBY MODEL - -_ _

CHECKED BY_____________ PART NO.-_ _

TH1RUST PEMARtG TEST CON16U~RATIDI4 N0 ____

FOIL: A5s'ya VAt'I<)~

NU MUeK

COATINGc
BASE THYME55 1
SPEC/A.L COMING.____

STIFFEMER: PIN
1MI4CXMESS

SPRING ASSY PA)

BREAKC.AWAJA Trg>uQE: rOT-ALt a~ 40 in. lbs.
Trvsr UG.

RVMMIDG) rothus: AT 33 Krp 200 lbs ____ n.II,5.
AT 33 X t- p rn n-xb4d In-lbs,

LIPT-OFF SP'EEt ?OjO Tooo pm 11
Toocli p~owtoSP'E~o oo o- rprn

DATA POW~T _ __

1Rt1ARK.5: Cc\- o .'G L, 1A~& G. i6)cý '~

[RE PORT
309 PAE O



AIRESEARCH MANUFACIURING COMPANY

DATE.L- S CALC NO

PREPARED BY MODEL ___

CHECKED BY. PART NO.

THRUST BEARIMG TEST CONFIGURATIOM WN.

FOIL: Ass' lm fq 0L- ?-3- z

1-HICK*E5S _______

COA~TING _____

BASE THYMESS --- 01
SPEC4L CObMAIG.____

STIFFEMIER: PIN

sPEC. CoN F. ___

SPRIt4G ASY P/WN
SP'EC. ComvF6.

8REAKCA~-'AWA rOP-QUE: rTAL Ris Ll02C in. lbs.
T&'sr B~G. llo h.1nbS.

RON91II3G roRQUT: AT 33 Krprn ,~O 201bs Inibs.
AT 33.ypv.n) rmx b4d in. Ibs*

LIPT-OFF: SP'EEO 1 .. rpm )

DATA 90IMT 0'____

lvh--bIM L-' r~oLLO~u ~"' ~5b ~'~ IF-oT~ /i~?I~If~IAQ

Cov 1 , HIS W T ( JLL bf. ThPL

REPORT

310 PAGE 01:O



AtRFESEARCH MANUFAClURtr4G COMPANY

DATE-Pt C= CALC. NO -

PREPARED BY MODEL

CHECKED BY -- PAR7 NO.-

TH-RUST BEARItMG TEST CONtF16URATIOM No ..
FOIL: Ass'FA ________( 2

TMICKM~E$S
7 BA5E THXMtE55

SPEC/)L COMFIS.-

STIFFEPER: P/N 5k/V1

-MIUMKESS
SPEC. CN.____

SPRIM~G ASS'y : _______l Z122

SPEC. COMFIS.

BRA-AA IrRQUE: 707TAL RIG /.ffllbs.

-rsrBR. 1137 In~bs.

RVMMWI~r roRtouT AT J3Kr-?,rr),2001b.5 Il.IS
AT 33) Ppynti rMX b4d lV).1bs.

Lir-T-OFPF SPEE0 cO rpm

DATA Pt~l.aT 9 5 2

REIARK5: T-nuavL;v L&A16uý 2Z& .3 l

0, Rl-9-,m

IREPORT

311 rA Gel OF
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AIRESEARCH MANUFAC:TURING COMPANY

DATEB Y ~ Ž . CALC. NO.______

POO _______BYMODEL

CHECKED BY -_ _ _ _PART NO.

THRUST I3EARIt3G TEST CON4F16URATID4 N -9

FOIL: A s sy P/,J Sl(IOcLZ2Z-1
NUMBER/
1THICKh)E55or

BASE THKME5S - -01

SPECIAL -0\F6

STlFFNF-E?\: PIN SI. q~±qz

7WICKME~SS~ z
SPEC* CONF.

SPRING ASSY'Y p ___

SVEC. COMIFIS. ~~27y

BREAKC.AwmA rthtQi': T-oTAL lts in. lb-s.
71rsre'IkG. 4Le.b.4

RVNMIDGl) roRouv7 AT 33 Krpm / 20o I bs in~~~z~.S 165.
AT .33pXnr-M Nx lbad in. Ibs,

MAY(LA 22. 51b ýoo It
LIFT-OFF SPEED _____ rpm~
Toovt CDOWN sp'er -7 o~ r p t

DATA POWT 0- 53-&Y

A O'lOcU(C7-&~o/Iui "~or'-4cr AY.ýoVV2,7 Llr LA

IRE PORT

312 PAGE 0 F~



AIRESEARCH MANUFACIURING COMPANY

DATZEVý(c 6 ~CT ff7hz; CAL C. NO.- -_____

PRE PARED BY_____ m-Tl)i mODEL.

CHECKED BY-.~.----________ PART NO.

THRUST BEARU'MG TEST CL*NFIGURATIEt4 NO Lo

FOIL: A-55s9k-/Ot 3~LZ's

THICKME5 ,o'
COATIO'G T.rO
BASE THKMC55 22
SPECIAL COMFIG.

STIFFEOER: P/N WLOqZ~

TMIJCKMESS .OZ
SPEC. CON F. _____

SPRINGJ ASSY: P/i3MyV~o
MSETfIKE5 'I

SV'EC. COMFiG. ThJM'ýPAI fS

BREAIC.AWiA' rORUE: 70hTAL iI n.ls
Tbrsr BG. V I n.bs.

RVMMID) roizous : AT 33K rp rn ,~ lcoIbs ____ n.) 65.
AT 33-Kpm, tMXib4d in-lbs.

LIP~T-OFF 5¶'EEt' 100 rpm
T00C" 00wt35SPEED GtQOo rqrn

DA~TA POW.T W~___

2. ,?c P~Kc 7o 7 . o' T

I q!; 1 &CAD - % 'rj V3u~ L ' O/.r 1 0 r 19 r.

DU7- 106 llL.C"l'A&lL/TY C~jP. -J ZLV/CU$.

IREPORT

31 PAGE OF



AIRESEARCH ms.NuFACTURIr4G CGC'PANY

DATELC ocv (~ CALC NO~

PREPARED BYis 5 (Tj MODEL -_ ____

CHECK ED BY._______ _____ PART NO. _______

TH-RUST 1BEARIt3G TEST CONF16URATIOM N'

FOIL: A 5 5 Ii---A

TMHICKME55
COATLOG__ __5

BASE THYME5S 01
SPECMhL CO1,WI6.____

STIFFEPER: PIN o~-
MfICKMESS
SPEC. CON F '75 1%^.11"oLL

SPRIN3G ASS'Y a.P/ 36oq73o -
SASETrHKtM5 .O%

8.sAK.AwAj rohtoQ1 7;TAL Rim~ '03r in. lbs.
T&'5r BRG. Ill.Jbs.

RVMtMWDS Tao~uc AT 33Kr?~,o 20l1bs inA.is
AT 33)(tpii, rncX lb4d in. Ibs,

MAX <LOAD 05

LIF-T-O'FF- 5'EEDbs rpm~
Toc'LCt DOWN 3SPEED rp

DATA POIWT 06

314 IPAGE 1. OFL



A Ifl SE AR 11. MAJU F AC 1UI ~NG COMAPANY

DATE -CALC 
NO~

PREPARED BY 
MODEL .---

CHECKED BY- -
PART NO.

THiRUST 13EARING TEST Ct)W6UAI J~.

FOIL: A55' VA6L237

THICK(i.E55 0046

CONT 10 G
5A5E TH)(M5S 00I

SPECIAL COMV:6. (2j:'Ch~eLr~-bo 3 MOL 5Z&~

AA

SP9EC. CON F~

ISPRIN)G ASSY P/ 361130-

SP~EC. COMF 1. PirA-~7~

ftAiCAU.* TorORQUE 7 0TAL RIG In_4s
Ths-5r Br&G. in. Ibs.

RVM3MIO roOQUS AT 33 Krpm-r , 2,OO 1bs I¶.C N7~ 3Lin.)5

AT 33Ki-pvn, tnc( lb4dinI s

t-1~.5PE.~Q .3,OO)ls

LIPTOFFr SPEEc' /Oooo rp rr
Totocii fDXXL), SP'EED~ 7c rpmn

DAZTA POWT t ___

IAt. -Toe vh

UIs A-) iWWLV- Q or h)F ''

RE PORT __________________

315 PAGE j OF

&I'



AIRESEARCH MANUFACTURING COMPANY

DATE--- _____7ý CALC. NO. -

P RE PA R ED BY -__MODEL ______

444CHECKED BY~ ___ _____ PART NO.

TH-RUST B3EARING TEST CONJF16URATIOM Nc2L.

FOIL: A5s'F/

TMHICKM4ESS DOC
COATIOGTr".J
BA5E TH)(MCS 19
SPEC/A.L COMFS6. 9 1 *wLM:'cJr~.

STIFFEN~ER: P/N *49I
1ThCKMES' 0
SPEC. CON F.____

SPRIN3G ASS')' PA31 Yr -3

BREAK-A'WAJ r0RQUE 70TAL JIG 32 - in. lbs.

RVIO~MID roRoui: AT 33 Kr-pra, 2001 b5 ~ 9 3.InA.U.

AT 3 3 X V. , rn~ I AXld g.'ll~ Z76, in. I bs

2 t1~~AYŽ D15PEE12 33,000 l ~
LIPT-OFF S¶EEO 170000 rpmr 4

TOLOciA DOWN)t SPEED rprrn

A V~4C L F OIL A Lsy

FRE PORT

316 IPAGE j OF



5'

AIRESEARCH MANUFACTURIN(G COMPANY

DATE____________-- 
CAL C NO._____

PREPARED BY ri* '- MODEL

* ~CHECKED BY___________ PART NO...

Ti-tRUST BEARIN~G TEST COt4F16URATIOt4 Nvi

FOIL: A~ssýP
rHICKM~E55 ,oo&
COATIN)GreO ý
BASE THKMG5S - 011
SPEC/XL CO)MWI6. M0004"O~'4M

STIFFEPER: P/N
MIhCKtMESS
SPEC. CON F. ____

SPRIN)G ASS'Yb: P/W 34 ý7 0-3

SPEC. CowFnG. P4-.v7yrL GM5

89CiAVCAWAI TrORQUE: TOTAL I?16 3~3 in. Ibs.
-r&!sr B1RG. l inb.

R MMI~G~ ToRQUE: AT 33 Krpyn , 20o I bs
AT 33)(pyn, M) 164d in. Ibso

MAX<.LOAJ'330 lbs.

LUrT-OFF: 5'EEc' lb11 rpm
TDCliDU-0SP'EED ~ rpen

DxTA POWT W 10-LID

[RE PORT

317 IPAGE OF



AIRESEARCH MANUFACTURING COMPANY

& DATEJ- 42 - CALL. NO _____

PREPARED BY___ MODEL

CHECKED BY____________ 
PART NO.-

T$ARUST BEARING TEST CONFIGURATIOIW No 12

FOIL: As VA

I-MICK)ME55

BA5E TH$AMGS .'
SPE/ALL CObMFIS. 1;1-a-c~ 3sycc-,zs

STIFFEOFER:. P/N
* ~~~SPEC. CONJ F ____

SPRIN)G ASSY: P/ 36oy75o -3

4SPEC. C03:6,,I7A 7-~

BRAICFWAJP rOR )E 70TAL Ris in. Ibs.
Tr,5re4G Bm. bs.

RVNMtDJ, rolQus AT 33 Krp rn, 200 1 b5 .15
4 AT 33)-pirný rmcx~

A~A 15PEEQ bs
LIPT-OFF V~EEID _____ rpm
TDO(C" DOW SPEED flrpm

DANA POWT 0-t ___

V~1 ARKS: v~¶ Lsv( t o Cdoo L LJI. (Q6",

318 1PAGE OF



AIPESEARCH MANuFAC~iRING COMPANY

"~ 2'~2/3o jqI~s ~CALC. NO.-
DATE-' 

I0>j/0 
111 :

PREPARED BY..______ __ 
MODEL

CHECKED BY___________ 
PAPT MO. _

TH-RUST 13EARItNG TEST CONF6L3RATIOt4 W&2

FOIL: A__s_____ , , 3

THICKh)ES5
COATIOGA )'J
B'ASE THKME5S -0/0
SPEC/A.L COMFIS. ','I- 3Ilca $#47

SPEC. CON F ____

SPRIN~G ASS'Y&/ 9 ~70 -5730 -3

BAET -MME5 '/

SPEC. COMF:1G. nvc 4AtJr F'Z

5REAK.A\wAj ThtRQtE: 70TAL Rig in. libs.

RVIMtIWS TRQUE': AT ~33Krpr), 2oa lbs 20 1 n.)bs.
AT 33) pn11,rmx 164d 9, o in.Ibs.

"A.*A I5PEPQ 33,000lbs
LIPT-OFF 5'EEc' /0 of]oo r
TOXC"' DWK SPEED 6000

rE>t.TA POWT 0~ 1 0/30

INS& AI "ciry PoAe ' r / L e sV 35-0 
d

fivA)D 7-PA7 SOZ/",C' 1-4 i- 7z 7 A /14C-fZn4 f

[REPORT
$ ~319 PAE1O



AIRESEARCH MANUFACTURING CCMPANY

DATE 1 '7-7(. CALC. NO._______

PREPARED BY-. '' -- MODEL ______

CHECKED BY-....___________ PART NO0.

THiRUST BEARIN~G TEST CON ISURATIO0 N~.L.

FOIL: A5s'yp//MS oq,
[ ~NU M5E R

1-HICKME55 00%10
COATI? M GH-)S 7 0 007 #'M# k

BA5E 'THYMCSS
SPEC/AL COMFI. k/6;0 )1-//Z)AZ)6

STIFFEPER: P/N L1 z
1ThCKMESS Ot
SPEC. CON F

SPRIN4G ASS'Y .bP/ 370&/730-3.

SIEC Coof:16. _~iPA4q7lL S&3AtLt,V- S7/frt-h,0L&?L.

8RA*AJA TOR~QU'E: 70TALRIS 30-X-o In. ls(

Rvt)s& ThaROUT AT 43 Kr?~~ o b, 200__ 1 sIn. 1bs.
AT 33Xrpmj rm~c cb4d %n.1bs1

lAX. LOA

TODC"i DOWN SPEED rpm

D~rA POWT 01__14L

t1AK5 /. -C cA/DZ 57 M SZVO -> F ',2,7

320 IPG . O

.-A 4  . ~. ... .. ... .

.~ , ......



AIRE,4 EARCH MANUFACTURING COMPANY

PREPARED BY-1r~ K. MODEL___

T~iRI)ST 13EA~RItG TEST CONF16URATIOM "S~

FOIL: As

COXTIO~G Ma S2 .0ou7

BA5E THKKESS ./

SPEC/AL COMM. tu '22'm"-D /lflAJ ~ ilYAO-

STIFFEP.ER: P/PN 'kOle, 40

-IKMESS .010

SPEC. CON F.

SPRIN3G ASS'Y 3roi/W-

SpEC. COMTF16. 7 ij? ~ J.5 W4T Z pr? TA4. ok4.

F. REAK-A\L* rOT.Que : roTAL Ri? 22 in lbs.

RvmMIO)& roRQUIT AT 33 KrpyO 20l1bs I___ in.).

AT 33i.n in .~dibs.bs

MAX.c- LOAOj goIAL 0Ib-5.RG
321E1 3?o PAb OF A



AIRESEARCH MANUFACTURING COMPANY

DATE_______ CALC. NC

PREPARED BY ____MODEL -

CHECKED BY -- PART NO.

THRUS5T BEA~RIM1G TEST CORF16URI4TIOt No~
FOIL: A'ss~' VA I

TM~C~ESS.004
COAT I MG_____cj

BASE THKt5SS
SPEC/ALL CcMFI.____

STIFFEOER:. P/N
T4~CK~ESS 0/0

SPF-C. CON F.

SPRIN3G ASS'yb P/W 76,47350 -3

SgAKC-AWiAj ThPQE 70TAL Ria in.I16s. ~Sl44ý
7"v5r BG. 1i5

RVMMIID& ro~Qus: AIT j3 Krpivn 200 b s Li___ il)s.
AT 33 X -pw vn 2tr'4x lb~b

Lir-T-oFf: sVEE0 160 _____ rpyv)

DAITA PO1WT 0 Si5

RE PORT

32 IPAGE 1 OF

ýýw ý 7 K -



AIRESEARCH MANUFACTURING COMPANY I

DATE-- 3 h-ILCALC. NO

PREPARED BY--- MODEL - _

CHECKED BY - -- --- -'ART NO. -

THRUST B~EA~RING TEST CON4F16URATIO0 No/

FOIL: Ass AIS' ý/ 2 -rtko. QUQw,-~

ClOAT IOG ______5

BA5E THKM(ESS ./
SPEC4~kL COMFIS.____

STIFFEUER: P/N
cMICKMSS 3

SPEC. CLN F. _____

SPRIN)G ASS'Y P/ -__76_V73

7Tvsr RG. L.hb5

RVMMIOG roRQUIE AT 33 KrpviinO b, 200_1__ inA.)s

AT 33)(rprn, tmx b4d mn. Ibs.

LIP~T-OFF: 5¶EE0 0 rprr
TooLC" DOU-30PEED pm

rATA POWT 0-t

[REPORT

323 PýAG E O Fj

~ '~~ K;'~.~ ~ ~ ~ 44r

e-V4 
-4-. I wV m Ww1



DATE - ~~AIRESC3ARCH MANUFACTURING COMPANY CACN]

PREPARED BY -_______MODEL

CHECKED BY____________ PARTNO.]

THRUST 13EAIG I-EST CON4F16URATIOt4 Nv_

FOIL: Ass'yP/M 5K'40432-?.

1-MICKIMESS~ 2.
COATIOGmoS J5 .0007
BA5E THKMC5S .Ole

SPECIAXL COU-1. I&Woaw(in CAXTW J uowr usw. T"eBaG

STIFFEOF.RER: P/N wa-

SPEC. CON F~

SPRIN)G ASS)' P/MO~
8ASEThil0,N5 -- Al
SPEC. cow~lls.

8RAIC-AWAJ TtrORQU: 70TAL Rirw;n flb II7-

RVNMMI)& r0ROUT : AT 33Krpm / 20 lbs ____ n.)b5-
AT 33-p-pv, mx lb4d nbs

tMAT. LOAD ql b-5 T- 'C),' ' LrCXL Or

LIF-T-OFF 5VEE0 V.. p m
TOtDC" DWN 3S¶'EEO o i,'! r p m

D~ATA 901VT 01y 15<12IL (,,'

Z. Tcir To bi-m2moja lUG. c are'Alsric&a wow TYAj piLm

COATDNQ 04.
-TU3 H,-ir4 insT )o'u corW- -. LOJr2P I-r u 1r' pen

F04L A140rVT k 2/CIZUM-i - '9P&WItaý 7z) 3 '~ 6
4. )VC6 76 f 4 k A/e -f../JS,0C?7OlA) )e/?' , A) 07-

REPORT -

324 IPAGE OF -



AIRESEARCII MANUFACTURING COMPANY

~DATE7! CALC. NO-

PREPARED BY-- . _______ MODEL__-IIi

CHECKEDBY___________ PART NO. . 5

THRUST BEARING TEST CON4F16URATIOM V-J
FOIL: A s sý / uO3-

rHICKtMESS O
C OAXI NG ______4

BAS5E THYM1E55 01
SPECIXL CotMFIS. moo

SrIFFEUER: P/N
sPEc. CoN F -

SPRIN~G ASS'Y P/J 17 04-130-3

SPEC. COMFI6.

BREAKCA'.'AW Toi.QUE 7OTAL Ris In. bs.

ROMMIM& rboRuE: AT 33Krpm.,O l0 1bs 3.9b.
AT 3 3 Xr~p~vn rm~ _______ in-lbs.

Lir-T-PF~ SP'EE0 rpm___A
TOC DOW SPE / 05-00 rprn
DAXTA (PoM~T 01____

RE~p~5: ~~s 7R&~S#~'~- i~~tLUU CNK@W
325 IPAG 1 O



L ~AIRESEARCII MANUFACTURING COMPANY

DATE 740 CALC. NO

PREPARED BY- - MODEL -

CHECKED BN PART NO. J

TIARUST BEFARU'MG TEST CO,4F16URATIOMt No g.

FOI L: sý/A rouA

COATINGtF(Ujsý
BA5E THI(MESS - .010
SPEC/AL COFS.td

STIFFEPER: P/N StoI-I
¶4ICKKMESS Q.00
SPEC. CON F.____

SPRINiG ASS'Y . PW '3704e730-3

BREAI.AWAJ rORQ)E: : 70TAL Ris )-S 21- in. lb5.

RVMMIOG roRaus : AT 3~3Krpirv,?0oobs - n I5
AT 33) -pvn) ,rx b4d kn.Ibs,

MA 5PEE19 RP___ H

LIP~T-VPF SPEED V o rpm
Toe~cV DOWNut sneo1 mo joO r 9rn

DxTA P011AT

RIEIARzKC5: Co,4pAaIj&oAj I?~ oo. Wt PAD Cl F3I * C
*1 -300a Q~ S-4 I -J L DO~P PT 170- 179

[RE PORT

326 IPAGE OF



AIRESEARCH MAINUFAC1URING COMPANY

D__A__T CALC NO

PREPARED MODEL

CHECKED BY _____.PARI NO.

ITHRUST 13EARIMG TEST CO?4FIGURATIO0 W~ -,/
FOIL: NUI4EI -4v14-

I-MICKM3E5530(
COATIN~G .. 2~.os 2
BA5E THK(E5S oio
SPECiAL COMIFIS. Re,.oesmw Pab vvatArwi -ThspewJ.

f 0v4u0QoAngb CCta 2-20(~6

STIFFEPER: P/N
SPEC. CON F. ____

SPRIN~G ASS'Y P/w~
SPEC. COMF Is.

BREAK-AW~'l rORQUE: 70TAL Ris 2 .in. lbs.

AT 33XPpvn) rN~c b4d 7.1 1n.bs

Lir-T-OFF 5'EEt? ý:sho tp

lREt1AIRK5: i. SA- For. A;CY AtS U.Sfz Fo cooori.j 2A0
"2. yMi~TortQ~g jV.C~flC - 7hIjM'l4*7b -

=REPORT

327 IPAGE 0~



AIRESEARCH MANUFACTURING COMPANY

DATE- CAL C. NO

PREPP6RED BY-- MODEL___

CHECKED BY___________ PART NO.-

THRUST B3EARlkG TEST CONF16URATIOM NO2&..

FOIL? As s P/A SPecqOq3z-3
t'13

C OA I~ t. GHOot 007
BASE TH)(?G55 -010

SPEC/AL COMF1G.____

STIFFUER-EP P/N W4641
11JICKtMESS ~2
SPEC. CON F. ___

SPRIN'G ASSY: P/W 30J3-
BASE rM14K 6" 5 .07
59EC. COMIFIG.

SREAKCAWLAj TrORQUE rOTAL Ris 30 i.lb's.
Trcsr BAG. 11t n. ibs.

ROMM106 roRouE: AT 33 Krprn,,o 20l1bs in. )bs,
AT 3 3Xrpmw mxb~ eI~_____ n.lbs.

Lir T-oFFr-s¶'E tzomo rpmv
To)cii OWt3SPEED rpmn

DATA, 9043T t%)e Mg-20)

ERE PORT

128 PAGEI OF



AIRESEARCH MANUFACTURING COMPANY

O ATE CALC.NO----

PREPAREL$ BY - MODEL

CHECKE BY-__ PART NO.

7TV-IRUST BEARIMG TEST COt4FISURATIOM N

FOIL: Ass\ Pi jEKqoq 3 2-3

COANTIMIhG YA4 Lrs.0001 TrletC*.
BASE THKM655 .~Q
SPEC/L C0OMG_____

STIFFEOER:. P/N

SPEC. CON F~ ____

SPRIN3G ASS'Y a 37073 -

SPEC. COMF 16.

BREAlC.A\LAj T0TR1E 70ARiG in.___ 16s.
Tha5r BTG. 30 nJs

RVMMIO roRous: AT 33 Krpfi 20o l bs____ .1.
AT 33 XIP rn mx lb4d nlS

"A.'_______ RPM

Llr-T-OFF SIPEED ___ rpmr

X_ DTA POWT OA___

RE1ARK5
7-4t~ Zu~4iWTi Ooru WrrtI S'4' A

RE P0R

329 IPAEI O

'W1



77¾

A r-A R-(H MAN L f A C T I, tNIC I OKI P A N

DATE CALC NO -

PREPARED BY - r
4 17JJC -r -mODEL

CHECK ED BY PART NO--------

T8iRU5T B3EARIN~G TEST CONF16URATIO44 N 0o

FOI L: A5ssF/ Z___ 19ýr,'

-rHICKM.E55 O~ ' O&.2.

COXTItNG
BA5E THKME55 *1iO pZS ýZl~• t'l CJ

SPEC/A.1LCOMFIG.____ W) (i

STIFFEP~ER: P/N ItOZ

SPEC~. CON F: ____

SPRIN)G ASSY P/w~i3o3-

Tivsr BRG. ~ n. 1bs.

ROMMNIOG roRQUS? AT 33 Kr~r 200 1b.5 I n.)I6s
AT ~33 )<pptiiVn "X104d ~ is

Llr-T-OrF SP'EED ~''''rpmv
Tooc" DOWN SP'-ED) r )pm

A-TA POWT 0t\)

[RE PORT

330 IPAGE I OF



DAE7 
ACN

CHCEDB PART NO

THRU5T B3EARING TEST CMt4F16URATI W_ _

FOIL: A L'P/N43-3 -Z(~LS~- ThT

COATI 10 G ACZa
BA5E THMESS AO
SPECiJAL COMFIG.____

STIFFNERE. P/N 0g12I-
1TRICKMESS
SPEC. CON F. ____

SPRIN)G ASST P/Nw ___

B~ASE T*H KK45 1
SPEC. COM~FIG.

8iWA*CA\VAj r&.Q'E: 707-AL R1 ?2* f, 1

RvhIOWG reogRus AT 33Krfp~rn 200lb5 'I- - n 15
AT 33Ki'pvnj, r b-4d G;'ct" n l

t-A 7( LOADZ '324!E' -5 1b-5

Totoc" DooI.-)s¶EEc' ~aqo rpm

D/ATA POWT W ____

REIRmK5: k ,Q 0 "J-DOI V -O:L CJLCC~

- sr-krýlo IGJl49tIk) I J-r &~x li - 2orf3e

0-1 A 4-O)

REPORT

331 P"Gfr OF



A I R F ý SA Rr NJ f~L A( IL LP~INC OMPAN Y

DAHE (9 ~ CALC NO~

PREPARED BY t- *~~ -MODEL 
-

CHECK ED BY PART NO.- -

T"-RU5T BEARIN3G TEST COI4F16URATIOt4 W-20

FOIL: A s sV PJAJ S4SND\J131
NUM5 ~R-oliý -c r,

'rHICKME5500(

BPA5E TH)(ME55 010I
SPECIAL COMFIG.____

STIFF~eiER: P/IN 5~ojj
SPEC. CON F -___

SPR(ING ASY P/ 31oq73cj-3

SPEC.* CO V: PAt~I7A(. -StAl~k~r 1,rnD)[

BcEK.~W~ 7OR~QUE: 7ohTAL RI 2(` in. lbs.
T*,wr BRG. !0-1 n. lbs.

ROMM)I)G roRQUF: AT 33 Krp~r / 2001 bs .)5
AT 133Xr<iv, rmcb4d _____ n-bs,

MWA ~5PEEzQ RPM__

LIPT-O~FF$SEED' rpm__
TotoC" Deowo SPEED rpm

DANA PcO3T 0t~) ___

[RE PORT

332 IPAGE lOF



AIRE SEARCHI MANIJUF AC I UPIt~JC OMPArJY

DATE _ __CALC 
NO

PREPARED BY--- MODEL.fl

CHECKED BY - - ___PART 
NO.--

T"-RUST BJEA~RING TEST CONF16URPATIO0 ND 27

FOIL: A&IO~s TIt/AyjV

T-HICK<AME55 .006I~~f~. ~

BA5E THKtME5S .010
SPEC/XL CO1MWI6.____

ppSTIFFEPER:. 
P/N -Sq'o47I-I

1ThCK1MESS .0(0
SPEC. CON F ____'

SPRIN~G ASSY P/ _3_6_7_0__'

BRAK-A\VAI ThtRQUE 70TALi r. ~ -In. 165.
Thsr B~tG. .0 in.Ibs.

ROMMI1OS roRous : AT 33 Krprn 20o IbS I. in. 165.
AT 3 3 )-, X icr)c tg b4d -7.0 in. lbs.

MY,5PeEEQ 1300 z
Lir-T-OFF 5S'EEc' 7000___ r-pm

Tooc" DOWN SPEED' r pm

DA~TA POWhT tW ______

RTAR K.5:

-A,

[REPORjT__

A _ ___ __ ___ ___ __ 333 PAGIE j OF



A I S F A R H ?I AN ( IIJ P N

DATE -1-7 CALC NO

PREPARED Y.-MODEL -

CHECKED BY -PART NO

THRUST 13EARItNG TEST COt'WI6URAT100 N`-

FOIL: Ass\' T12 1"---' (-4~q4O 11 6 0 2.~

NU4EVA 51,f3 S AdC A-s

THICKQ3E55 -~~- 2~
COW~ING -

BASE THKME55 0/

tMIICKMESS01

SPEC. CON F._____

SPRING ASS') Y P/Mj3avj~
BSE THKiý5_____.

-SPEC. COMFiG. Pd/LS.6~

AIC.A~~~~A)A1~ hh~i~ hTLRG. lbs.

Rvto~jD) ro1~ous- : AT 33 Krpiin, 200 bs rbs
AT ~33X i-pynj 'imx lgoad - In.bs.

MAX.~ LOPH
Llr-T-OF:F SP'EED' r7O IOp

DA~TA POWIT ____

RE PORT

334 IPAGE 1. OF



DATE -- CALC NO

PREPARED BY /'7.'L MODEL---- ----------

"CHECKED BY -- PART NO---------

T~iRU5T 13EA~RItG TEST CONFIGURPTIM4 No'2l...

FOIL: A SrIo)i CoM fPo.
13__ recr oF

T-HICKQ3E55 O.0040

COATIIG T-po; e
BASE THKMG55 -ot
SPECJNL COMFIG.Jf& "ge t- t~bTL Cowmp&&C"-

Co~c~C~20

ThlCKKMESS
SPEC. CON F._____

SPRIM~G ASS')' P/W 3764'1i 303

S'PEC. COMFIG. _L2 77ASir1,~

SRAKCAWLA') TremQu: 7oTAL RmG ~ . In. Ib,.
Thsr BRG. 0 ih. lbs.

RVmM1Dr> ToRouc: AT 33Krpn 200 1bs M . tnA.)S.
AT 3 3 X p-, p n"x 164d All in.'lbs,

LlF.T-OFF: 5'EEID I-Looo J~w rpm
TOUCH DOWN 3SPEED ri~ rpm

FREPORT

335 PACE j OF

.......



AIRCSFAR( 11 P:J~A-'W FA PIPtN .

DATE 74CALC NO

k PREPARED BY --MIT-AJIL. -- MODEL

CHECKED BY PART NO. -

TH-RUST B3EARING TEST CDNFM6RATIDtý No

FOIL: A 5 s q3L-3

7-HICKME55
COAX 0 IAj~ p~ers .0001 Trotc.
BASE THKMESS .010
SPEC/AL COUIS. 6cra Itoortu 2?- zactt-L

STIFFENER: P/IN

SPEC. CON F~ ____

SPRING ASSY : P/W ~ 3704730-3
-OIL

BREAKCAWAJA rOROUE: 70TAL RIG V72~__ in Ilb-.
7"rsr BG. i07 ih. bs.

RVhNflDG roRQUE7 AT 33 Krpm ,o 20l1bs _ ___in.)bs.

AT .3 3)<i-pMj rMX 104d &W mn.lbs.

L1-T-OFF SP'EF-0 20K - pY)1

TODC" DOWN SPEED rp 4

-4DATA POW&T t01 -2(

REV1 AR K5: 14I4 Tfr.LLis1 0e)4.t /v%)01?-bIit MC.

141c.1 7mulW Thb~~~O o

FRE PORT

336 IPAGE O F



A I R f A R H 0A N I F A( It!

DATE ~/~ / / ~CALC NO-
P RE PA R ED B Y 7.1MODEL

CHECKED BY- - PR O

THUTBERM TEST COtNWt6URI\T10 No__

FOIL: A55 F'%5S@f.
T-HICKM4E55 g.000mec
COW I WGmwS.0
BA5E THKMG55 -010A
S PEC4AL COF1._ir~ 6

ThlcxMESS *I
SPEC. CON JF.

SPRMGASS'Y 0 P/M 37H%2:

B~ASE THMEq5 aAi
* SPEC. COMF 16.

trip PPwi~

BREK-AAJrORUE 7OTAL RI t-QAA-,1 n jlb
TAcsr Tht-Q' h.Ibs.

RVOIDIG) roRQuOS AT 33K-rpn " 01 bs If0.)5.
AT 33)(JpvniKM) 14 d nb

MAX<.LOAJ'____ t0
MAY . 5PEFIV 31>k r Pr

Llr-T-OFF SPEEt) _____

Tooc" DOWO SEE rpm

DATA PbOW.T0t

tw4%%##"oojawwr rdrfo To
tool MAW 9.0@Ab A

'SAact SI COeJS. Rig Ti5nT COAAbtOIL Z'

S,~u ~aeo.Auc? As osftz pupr.wr evejoc-6 *so

RE PORT

337 PACF OF



A f~ A R(11 M N U AU 1) P N P AN Y

DATE IS-110 CALC NO

PREPARED BY HrAJK MODEL

CHECKED BY PART 140. -

THRUST BE2ARIN~G TEST CDMF~ISURATID) N 3ý2..

FOIL: A 5sy -_____- S

J-HICKME55
COATIO N& -oo
BASE THK<C55 _____010IAI

SPEC/91- Co>MV-G. C.gIAdy.A gav

STIFFUERE: P/N V4IL4

SP C CON -

SPRINGc ASS'Y P/ :
BASE U116 ~k.

SIME-. Co~A MG I- l

3RDW-CAWA'J TORQUE: 70TAL Ria A' n. Ib-j.
-hrersrG. .ih..nb5.

RVNIlC-&ra~Qus: AT 33 Krpm , 2oo Ib5 n)5
AT 3 3-i,K rp n rr 14d ~ ~ s

LIT-OFF SEEc' rpm~
"DOLC"~ DOWN S5PEED 'VT,'

F~I L-E0 UeOPJ jeArt4i. Lop,& app,,jcA-n0?.

________________338 __ _______ O

-~ ~ ~ -~ -- -- ---



V %

A IP ' AR(-H MANLI F AC i LJ'I!J I. ^ AI I
DATE I0-/"-7O
PREPARED Y __ CALC NO
CHECKED BY MODEL

PART NO.

THRUST BEARING TEST CONFIGURATIODN N! 33
FOIL: A5 sy. P/AJ So43-3 HS 2*6'

NUMUR C C-0T-HICKIME55
COATII ) G0.o 1BA5E THXMESS
SPECIAL COMFIG. Bg c, .sr

S~AMIF BRG A% S PIA'N APP~ina•oJF.• "1,

STIFFEWER: PlYN -O~Z
SPEC. CON F._

SPRING ASS'Yb P/N 370--730o-3
BASE T'1Kt0E5 Q
SPEC. Co M;G. I QOAGILAP, S re -,=L--o _-

BREAK'AWA-1 TeRQUE' 7TTAL R•G ____ , in. lbs.T7rs'r 6kG. 4..,c.b•

RtIAG, roRou" : AT 3 3 Krpiaooib5 II20.0 )5.
AT 33)(qm/ Irxd _ n.bs,

h'A"',, LOM' (_ 53 o1,c.Ib,

LIPT-OFF SPEEDt rpRP
Tooc" DOWN SPEED rp "

DATA PaOT t0-t

3fly IAmsc_, L A oApWC mSr

REPORT

- PAGE OF0



t f ~ AIRF!.FARCII M.ANUFACTURING COMPA.NY

DA, E___ ~ LL CALC. N O .----

PREPAR ED BY L X O .MODEL _____

CHECKED BY- - -___-- PART NO.

JOURVgAL 3 eA*L%.3G ETh C01JAr1601RATE1
TST MG. TORO- St

CARREP R I.IC).

SHAFT 0-0.. Aq, 4q /91 .wqj 4.tL~q-1 l(.LOWq

FOIL : BA1b TMh4ý55$0
BASE~ ?AT'L ICr-u~21~ -150~ k 1V

C&DATIO~G H"A'L. OB tzýGzo OeD2ý-20
TaT3N" TOK11

WBE. 0' POILV.I
SPeCIAL COPROSOATWO~'

SWOA 5PACE : C-5- 4F IS

At;5SHIBL1IA~$ VIA,

Ltr-T-oFF 5PeFe 0 C tC

5WHkFT OWs~L: 5TATIC. ý

REM~ARKS:
DATA Pot ________

+ry 5,5~t -F

[REPORT
'341 JPAGE OF

________Z



AIRESEARCH MANUFACIURING COMPANY

DATEI~fiL2 CALC. NO-

PREPARED B Y.') MODEL __

CHECKED BY---- _ __ __ PART NO.____

JOLSRWIL SeARIOG 7Th-- Cb"PtS'aATLOO. ____

TE5T BRG. TOR13. WRG

SHAFT 0 .0. 4 1q74L1, 300Z

FOIL : SE THK$55

ThTJC 'AD~IUiS 31ll

~OUH6R. &f FotLS 1

5 Wh S PAC E: C -S -LAF:s

5REAKAW0 A5TbQ EL'1 m. A-

Lt-r-o F uPc m voiooo.Kt

5I*A.FT D15PL: 5TA I C_
Rommu~r 4. LoA1op.D

REMARKS-
DATA Po I T

ý'A I

34 ERPR

]PG OF-



AIRESEAR( H tAAurACIURING COMPANY

DATE--i( CALC NO ----

PREPARED BY - MODEL -

CHECKED BY- - -- --_ ____ PART NO.

JOLR~ ~ERL.1GThrFS COIb3tSURAT11,10

SHAFT Q0 q.D LiL ?7 1 AqqLHj) 4. soo0

FOIL 8AST~(S5-
BAS E H AT'L I~eI~.~-5~~cv~'

coATWtG H1AT'L Tpm E~
ToTAL TOKMCSS01oi

SPIECIA~L CORURT0 Pkcý-Mo Folt--

S'~)M SPACE: CS5-4F *luk tp\5

J3EAY,-\VA- TbRQ~E7 lb. ). e~,)A,

LIF-T-OFF- 5 PP rp

TOUCHVOW0'SPE'r.> OOD rpm

5HWFT C)SPL: 5TATIC. 1/
Rapamtr.4- LoAtmo

REMARKS:
D)ATA PC IMT
MAI)(. PEE~D .~

M 'k .* LOAD 'I/ ,~

343 REPOR

PAGE OF

- ~- 0 "



AIRESEARC14 MANU FACIU RING COMPANY

DATE J~ CALC. NO

PREPARED BY__ OE

V.' HECKD BY .... .. ~-PART NO.

Li5 ~ . SV~ G i:.

SH-AFT : 0 . A9/0-q qSO
CO TI38TiiW orK)5r. cM~o- \j- I 3 O0

FOIL : SAE THK)$55
BASE HAT'L kCLO

CZATIO3& tAT'L 131D 2GZOA2L 013D

TOTAIIL T~K3p

EA\X<A-1fr TORQIOE lb.- ly.

5Wý-FT DISPL: STATIC..3e&o

REM~'ARKS:
DATA PDOMNT O

344 [REPORT

PAGE O F=
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AIRE S[ ARC H MANUF A( TURIN4G COMPAtO

DAIF I'-CALC 
NO~

PREPARED B- -V h^'- MODEL -

CHECKED BY---- PART NO.~~~----

SHAFT 0,0.L).

-oxlJ 
LIN-()~4V2 o

* eIBASE H1AT tL lv~c. *1ý -7 -,6 11

TOTA~L TtAK~fpS
LEO~GTHj

SWAZ/ SIPACE: C-5-LIF

t3EAY'-Jfri- TRQOET Ib.-in l-

Li--

5WH1.FT E?(SPL: 5TATIC.

REMARKS:
DATA POl~ I MT __

MAY.(. 5pcm ZOeao@ C

OT.7t 20, DC)O

- 2~fA~fl345•Z



AIRFS&ARCH HANUF AC IUPTNG COMPANY

DATE __~ 1CALC. NO.-----

P R EPAR ED BY XcDAI MODEL

CH ECK ED BY - - - -_ ___ PART NO. - _ _ _ _

JOURJAILBeAMC. T* OWbiGUATWOL

TE5T SRG. TVu~ls SIR.

CARWERU.

SHAFT :C.D. 'A4~ [( Vi/',I 15Oo;ý
COA-rItJ Tfiiil N) (-t- pc- c' f%. LXV % t 3o

FOIL : .BkE TH4Iý55 -fW

BASE HAT'L II(fI ,) o!1 (~

Cf.A~TIOG 1AT 'L'21v-C
TOTAL TH-K14 n\

SPE-CIAL COPPM~URATIOJ (-- O~cvFc rot .0 (?I\c~ )I L

5WJMSPACE: C-5-4 F0111

5EA)<AWA-h1 TORQOE lb.- To -r~ P,

'T-buc vowt SP~t

5H,ý.FT DIM5p: 5TATIC.

REMVARKS:

MAO(. SPEED~
M A.*.-LOAD

IREPORT

346 IPAGE OF



AIRESEARCH MANUFACIUR~ING COMPAWt

DAT CALC. NO--

PREPARED BY 2a MODEL

CHECKED BY___________ PART NO. -

TEST 5W. TOR. IsW

SHAFT :O0-0.

FOIL : BASE TH-KOSS
SASE lAT'L/

COATIM3G fIAT'LAl
ToTAbL TtiKcV35

SPE&CIAL COORS~U1RATIO03 -11,) Vi L70i-u

5'\)A 5 PAC E C -S - 4F

1DRA$AWAN TiDRQOE' lb.3Lj

Li~r-T-FF 59FEOD
-M~UCH vol pe

4. ~5WIýXT DISPL: 5TATIC.

REM~ARKS: ___

MA,%.SPEED'Z'-D

"AW, 4

4.- 

RPO0RT

347 PACE OF



AIPESEARCII MAIJOF ACTUP.NG COMP,'t~Y

DATE -' ' '2CALC 
NO

PREPARED BY).L 1 1 L MODEL

CH ECK ED BY - ~ ~ .- - - -PART NO.-

,TE5T 59G. T~

SHAFT :O.D. ¶-tSoo C ~

63ASE HAT'L 7L~c,(7-) ( '

TOTAbL T .GflI

SWJM SPACE: C-5-1 Li i

13RE~kAWA-1 TRQI0ET 1b.- 1Yl. C ~ P4

'5 HýbFT D(5PL: :5TAT kC-
~G4- LOA~DE

IREMrARKS:

DATA POUT I M ___

M A,(. I-DAD ~t~
____Ac A'

348 IPAGE OF

-4m



AIRESUARCII MANUE Ad URt4G COMPANJN

DATE- CALC. NC -- --

4PREPARED BY- -- 31w' m MODEL

CHECKED BY---- - PART NO.

JOURWAtL ?3eA¶U%.JG STh COFtSUATWO 3.

COATr It8 M6tL'~~

FOIL :BkAt THi)(355
BASE hAT'L AQ

TOTAL TtiKM!5

BEPM> SRA~CA1L 3.75 3.3 7
&f F- L It 0

SP-CtA~L COPPSUATIOM 3

5WM S1PACE*. C-5-4P 02 1,oI

5 EN Y,-A'4 A- To~~ lb. Qn o, E 175 ToT-r

5Hi,.FT D(SPL: :STATtC.

REMARKSt
DATA PoT I MT ___

MAO(-.5PEED iL000~

N T LWV,- jrcr TL)~ 4 J (1 )J (6I~ f- L4~h c~ Ic p"

.4 
REPORT

34'PG OF

-.. .-



AIRESEARCH MANUFACTURING COMPANY

DAT E_ CALC. CAL.C.--- -

PREPARED BY /ii~.MODEL -

CHECKED BY____________ PART NO. ______

J0USRWtkL 5ellj ES- COW~tSURATLOO /

TEST BRIG. TUR. eC.

SHAFT 0.0. 7SkiigV. 0t1A3

COATn~ -

FOIL :BASE THJ(055
SAS E ?IAL x75 7

COA 4TJOG f1AT'L TZ:F/.O," S CfOAJ15

rOTEP0 RADIUS i~* d,

SPECIAL C013IS&LATIO, 2S*,.A(
- ~ --- -- -_ ____ ___ &A CH am~ b -Is

S)~1PACE: C -5 -' 4 o23 .9

5eAYA~uA'l TDoRQIE' lb.-M~. qlS9wZ(,- sSST rrL

LiF-T-oFF 59ee rp

5H.FT 0159L: 5 TAT IC..

REIIARKS:
DATA POI MT ____

MAO(. 5PEEID
PIA4. LOAD CELL .6inUS

10- 0 0 q S~lim ADDED 7r 0WELc~ie~ .0,93 C44C SWAY SPACE'
/~.'/l~~ Z~T 7 ,~C /)r 5 /5L C~a d4.I O71Y 1312?(r

CIi(~cl / ~ ~ S rCAAJ7-LY7 7 /~-:1 -7 / 1/5L OOIc

IREPORT

350 IPAGE O

TR-



AIRESEARCH MANUFACTURING COMPANY

DAE/1-6CALC. NO.-______

PREPARED BY-____ ___ MOD EL _______

CHECKED BY_____________ PART 1O4________

JOUJRt3AL BeAwiwrs ThFsv COO t6LURATL83 /
TEST52G TVR. %s t

SHIAFT :O.D. 0/SA-
COAT& 60~ w,-Aj

FOIL SA5ETHKVý5 ~ n, .0/2- .R

SAS E h AT'L 7/6 718
CL -TiO~G H1AT'L. ht&

TorTbL T+AKV~S .. 0/3 0/
L ? THIn. 6.0 0

SPECIA~L COPPISUATeIOW

5W SMPACE: C -S - LF '02? o.Z3

13IEA)<,A\UPA TOR Q~ sb. E 1 Tc7jL ~(

Lir-T-OFF 59F-F-
rocvi owla Ispeco rp 55*0c2 o_

5WHFT D159L: :STATIC.

'I R~EMrARKS:-___
DATA POIMT -

MA,)(. PEEC>
M A.'ý Ld)AO CEL p1 ~ n! 5

I. Iz-f7 cffecKooT Row,) -M Z000o R#06t, resr F-NO AMIP"uTou TO

3./Z-18 ctfec~cv Rupi'rooo 7b 8000 Ts~o,4mpiP.*?oe Tv 3.3-sPW5

REPORT

_1 351 IPAGE OF



AIRESEARCH MANUFACTURING COMPANY

DATE~ CALC. NO

PREPARFE) BY.-______ ___ MODEL_____

CHiCIKEL BY____ PART NO.________

JOLIRWA-L TEA'%3G COP~tSUATbOL L .
TV~l. SIG

SHAFT 0,~D. f 9lsvo

FOIL :X5 BTH)M5 in 0/2.
BASE 1IAT'L 7/ Ir7/
CtDATItG H1AT'L 7ZF-v S .ro

LsEpc3GADIU in

WHOiE9. &:f FOIL5
59C&CIAL C~lF~rsUATl~jI /

5W~ APCE~ C5- F.03 0a

A55SA-BL~I ViC-AS-I .02I1

A)<ATDmQEI.4 in.po n

REARS

M ~ ~ G LOA)D in. in

~-j-7 -sr ro 206SOO.2Ppf - -~rRGI,
SL)GPEC_-r e4 Lf11AT'ffj &k o

IREPORT

35 PAGE OF

Amu



AIRESEARCH MANUFACTURING COMPANY

'a - 76

DATE A
5 ~CALC. NO.-

PREPARED By of7'Nry MODEL

CHECKED BY-.. PART NO.

JOURVA-L 131AIRloG ThsrT COMPLSOUArIT a---
TST TBRG. SeRG.

SHAFT 0#0o, - 9,
COAT I WS.M)3

FOIL : BA1E THA555 in,. /Z
SASE `lAT'L 1AMCo 74 /NjCO,7f

C()ATIO'G H~AT'L TETh- 7-nw

TOTAL THslcfS i. No3 .013
LE~.GT in. 6.0 6.0

Mic)3 IRAotuS Z, 7
Whm8R f FPOIL-512I
SPECIAL COM~tSL'ATIOJ

P~AC-: C.02L
A55~t-B~I ViGAS. .of f(o 21,P

5REAY<-A\uA*- TORQOE lb.- ty. 77 -r6 m-~ 26 or,

rOCH 00O ~SPE-t) p

DATA P01MT ____

MAY(. SPEED A000)~

,;/ER/vo C.irw e~ ~eoceN r

3~ ~VNLJIN IOAOe& -to /mob le /0/

353 IAE OF

le



AIRESEARCH MANUFACTURING COMPANY

DATEA - CALC. NO._ _____

PREPARED BY____________ MODEL _______

CHECKED BY_____________ PART NO.

TEST §I!G. TR~

SHAFT 0.0. -

-~ COAT 106 - _ _ _ _ _ _ _ _ _ _ _ _

FOIL : BA5E THJC355in
BAS E h AT'L
CDA~TIM~G tIAT'
TOTAt, TtoK~5 in.

SPECIAKL CbW1lrU'ATI~o1

A55F-HBL4I tieAS.

5RAK-AWA1 TbRQ0E7 lb. mY) 22 ,SI

5HA.FTD0I59L: 5TATiC.

REMARKS:

DATA PotV37 0 ___

HA4. LOAD C 'L 1 q, i 7

r -sr&, eItr~m /'o r /,t &OOLM4~)-
2. OA5Mf~ ON= RoS&t G)/l 7bZ56 /tV Of. /A'Ler,*A-

HOX AIA o 3D000 otj 2-9

354 IPAGE OF



AIRESEARCH MANUFACIUWING COMPANY

DAT E-,&' CALC. NO.-_____

PREPAREDBY ,/t MODEL

CHECKED B PART NO.

SHA~FT O.D. - - _

CoAm I I8

FOIL :STKn5 ~
BASE )IATtL -
COATJ~ 10 HAT'L.
TOTA.L Tt4KV5 in.

BSEMD 1RACLA it.

FWA SPi5ACE: C-5-LIF

L6k A"w-,- T__0 O6I R 3--Q--0- -- ) 2__ _ __ _ __ _ _

Li-IT-ofFp 5ps T

5HA-PT 01S9L: STATIC.

LREMrARKS: ~_______
DATA POW~T
MAX. SPEED

,~7r'.r wir,4 MkL'tui A-$' CO0L4#jT
-Z~ero cir boOLAI4)T A7 2,6)W AccakpAAJI~ soosymc

___________________________PAGE 0_ _ _ _



AIRESEARCH MANUFACTURING COMPANY

DATE. J ' CALC. NO _______

PREPARED BY r/T~'kMODEL M_______

CHECKED BY...______ ____ PART NO.

JOURZVtXL FE'AR11jG ThsrT CbWFt6URATWO,.~

ýTET 5R&- Tols stcG

SHAFT 0-0.D3
COA-re I-2

FOIL :BA,5E TH4Vý5 in.
BAS E H AT'L

COA~TIN)G M1AT'L
TOTkJ. TtAKVJ5 in

SP6CICA,L CbO3FIS'ATIOIL3

5W PACE.C &-S-jAh5

5EAyXANA'UfrTIDRQOE lb- V 02aea, q5-0 Rlof

5H-FT DISPL: 5TATtC..rj
Romw4 Lom~peo in.

REMrARKS:
EZA7A P01MT ____

rMAl)%. SPEEO _Z95io t

frA4(. 1LOAO D5 1,, -*54 So =

2-- ?ARACN0rzc' LOADIRM COA-ruD 4/1 0JSeOELAS~it H-Ar-t'ý`% flH

IPEPORT ___ __

- 356PAGE OF
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AiRESEARCHI MANUFACTURING COMPANY

DATE CALC. NO._____

PREPARED BY-.M T)K MODEL ______

CHECKED BY_____________ PART NO. _______

-TEST BRG.T(. .

SHAFT 0O.0.
COAT I bss

FOIL :BSE TH)4OSS n
BASE ?IAT'L
COA~TINIG H1AT'L I
TOTAL To KlafpS

SPACE: CT-r-C..

__~YAVA* TOERL OEF&U'TII __b.-__ ________ AL

FoulAwA (I$,T _______

MA'RT (.5PE 59aeo q

35 A,.S ;A 00

MA'ý I-A CL p-q-, ' q,,



AIR;SEARCH MANUFACTURING COMPANY

DATE- CALC. NO._______

PREPARED BY _____MODEL ______

CHECKED BY ______________PART NO.

JOURIJAL BEARLW3G FThs COM~SRATWO~ ____

-reST Zpa. TL)R. e.

SHAFT 0O.0.

FOIL :Bk5ETHKMss H
BAS E h AT'L14C

LG0GTfj in

SPCeCIAL COOFSULRATlOIJ

-SW)N SPAC E: C 4 FI

5W10=T D1,5L: 5TATIC. j )

REMfrARKS:
DATA POI T ____

PI/gL Ld)AO CELL ps r-. Y, -q--6 q

COAJXte .177&S7-

REPORT

358PAGE 01



AIRESEARCHi MANUFACTURING COMPANY

DATEI ,~ CALC. NO . -

PREPARED MODEL - - -(

CHECKED 8Y______PART NO.

tE5. 5¶l G TV.

SHAFT 0 .0. 14-S4z/-60

FOiL &,SE$ TH0355 c, I-~_

BASE HAT'Lb
CtOATING tIATL T.hv

TOTA-L T$AKC4 'n. d1

5P'CIrAL COI3FIl&UATIO1J h)3

SW, Act: C-5-LIF ov C)23

Tbouc H 0ow 0 IspEfi rpm 5o

5Hý,FT Disk: 5TATtc.

REMARKS: AT~o,~T ' f- T4?Ijj7C!3
D~ATA P01 MT ____

HAS.. LOAD 7EL o,~ ~5

C-. Z 1Ai _ C A; -

ŽU~j '!ý )LOSyýJc_ /ACT"JrY wr .01S7 ().O,r- ~Tzq . 1bYAjo All o"- ~ [

A ~(5r1-rt-UL o~riý %13 C- A10 ,~ tJ

Qu3 LCAO--( Wr VaS~o IAP#,- - WJi5# C- - SPLVIC Tr, q2OkIC- LoO A.1)a5---

Q~ t4 moite 'J#RoT~c S ~ IZ~u
REPORTJ

______359 PAGE OF

A.N



AIRESFARCII MANUrACTURING COMPANY

DATE 7CAL C. NO._______

PREPARED BY - -. MODEL _______

CHECKED BY-___ PART NO.-

J00RXL ezwvr Th-5T Cf)0rLtUlt~A~tloi ___

TE5T 5;2G. TolRs.e.

CA~~~qER:z q,~ q.13- j.T7
SHAFT 0-0.D

COAT 1b36- - _ _ _ _ _

FOIL :BASE THKI055 -

3AS E H A1T'L
COiATItMG VIAT'L.'ho.S
TOT.L T44KMSS if '013

SPE-CIh. cDFISVRATioo~

$vMPAC: E -~ c 0t-3

Lir-T-OFP 596eO AoD

5W~FT D(SQL:5 ~TAT IC-
Romi&.4- LeA1v.D in.

REM"ARKS:
0,ATA P01MIT

M . ,ý LO- sq

Wtu.. 6~~~~t- Nq -Mfrr WrVW .0O'04 SS -Sitt

360PAGE OF



A!R USE A RH MA'tW f A C TII~It "114 PA ýy

A: DATE- _,DI ýŽI C!I CALC NI. -

PREPARED BY MODEL--

CHECKED P PR T NO0. - .

JOURWA~L &EAIRLt.1G TiEs COPIURATLI01i 2

SHAFT :O.D. L~CZqq 3  q.o

FOIL 8ASETH0c55507
SASE h AVL kwco 71 k

CLOAXIOG tIAT'L T jS r-L s
TOTAbL.T$4KV~S .03013

BEMC, R.rX~,1 2,9
NAI)H'6ER &' FOILS 2

SW)t~l PACE: C-S-LiPoa
%I-

TORQOE7 LJCLsxOBRý10a

5HAý.FT D(SPL: 5TA~tC..
Raor LoAt~qm in.

REMARKS:
DZATA P01i.MT ____

Z,0 S8 SHIM JýCA4L- OFJP~t IS %A c

V J A)C ~ 1t-U1ba 44.TtAL 0 6J L AO,40tlL- PE2 &r'~ P- pAiýi Qý TO, I~ "k P ) NN, ftt t ZsR.LL i

'R t EPORT ____

361 IPAGE OF



AIRESEARCH MANUFACTURING COMPANý

DATE~hs Cc:: r NO.---

CHECKED BY----- PARTq~y. NC.

TEIL ZRG. TU;. jRC
6AS~Apt  ? qq7_ly

FOI BBGTHY35 in. (,. (C0. Z

IeEPC d FOIL5 2," c

SPECIA~L COPPIOL'AT1003

S\.0d 5 PACE: C -5 LI P

Lipr-TOFpF ee 591D

5FIIJ.FT DISPL: 5TAT IC. -I

Romotor LoA~co in.

REMARKS:

MAO)(. sp:Eot
tMA4AOA P4 F'ILT qD,6( o3q"

004L S~S '514fRA3 /AjS7

MULTI

IREPORT
______________-362 IPAGE OF



A IRFSE A RC.H MANUrFA~ C I I N fA

DATE-62-( CALC N0

PREPARED BY -MODEL

CHECKkCD BY -PART NO.

JOURWA.L BEAR114.1 ETr COWF6LEtRATWO~ X3
TSS BIG.ToVs. stc.

SHAFFT 0 D. 4.44L/~.4-4143WO

FOIL 8X5E TH.051%,
BASE HAT'L '0

CONTINMG HAT'L

~L)~18ER. d F1L

SPE-CIIL CbOFR&LIRATClak3 194,1MV~

UE~AKAWAN TOiRQIOE I.'.

Lir-T-oFF 5pp-p-

5 D-ýT 15L: STATiC.
Rommwa* Loxo-oin

REMARKS:
DATA PCaNT ____ ./ cc

MX-- I-DAD

%.004' S2 '&*eik owa Poll. VIACW.I

IZW~~ 2 42'- 3 t-A,, "AJdy 35" (sL /00 9

6-30 Tcs'i Glz cooý.

j;~REPORT



CHECKE BY- AART NON~rA JH

IJOUIR04AL BeA'RIIJG ETh~ COMFtSUATWO_____
TIE5T BRG. TOM~ UGv

CA-pm pts I.D. Z3

SHAFT 0o.0.

FOIL : Bk5E THKOSS OILt*/
BASE IIAT'L 1Ave. ?Z8 /acV7

TOTAL TOKcS5

SPE-cIlL COPSIRT0

SV)AZ SPACE: C -S - 4 F'2

Lir-T-OFP 56P ) ¶r /60

' c m vow 0 SpEco ýfmw ?co~o

5HAxFT DISPL: :STA~tC. III

REMfrARKS: -- ___

DATA POt~ I _____

MAX.( 5P~Et) 3300c,
MA,). LDAD SI- 5Ips ff .I

I -5& 0.ro-H k~n ZI -Otr 0oc 1-r o/im AU2, A- Z 'IOS K.-

IZVA2 O- I. -to 33K. 917176.
-vo 3 ULri sPet2z12) RU{Lr, Dc,'pjie ?A'C.r3- i/;7
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